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SUMMARY 


This  report  was  developed  In  recognition  of  the  need  for  ex- 
panded design  Information  pertaining  to  structures  subjected  to 
blast  environments  produced  by  accidental  explosions.  It  was  pre- 
pared by  the  Manufacturing  Technology  Division  of  the  Large  Caliber 
Weapons  Systems  Laboratory,  U.S.  Army  Armament  Research  and  Devel- 
opment Command  (AARADCOM).  The  purpose  of  the  report  Is  to  provide 
facility  designers  with  criteria  and  procedures  for  the  design  of 
the  primary  structural  frames  of  steel  buildings  subjected  to  the 
effects  of  HE-type  explosions.  Integral  with  this  purpose,  the 
report  presents  a computer  program  titled  "Dynamic  Non-linear  Frame 
Analysis"  (referred  to  as  DYNFA)  for  determining  the  response  of 
frame  structures  subjected  to  time-dependent  blast  loadings.  This 
report  Is  Intended  to  be  used  In  conjunction  with  Plc&tinny  Arsenal 
Technical  Report  4837,  "Design  of  Steel  Structures  to  Resist  the 
Effects  of  HE  Explosions",  the  tri-service  design  manual,  ''Struc- 
tures to  Resist  the  Effects  of  Accidental  Explosions"  (TM  5-1300), 
and  the  AISC  "Manual  of  Steel  Construction". 

The  blast-resistant  design  of  a frame  structure  Is  based  on 
a dynamic  analysis  with  the  DYNFA  program.  The  program  Implements 
a method  of  analysis  which  couples  a lumped  parameter  representa- 
tion of  the  structure  with  a numerical  Integration  procedure  to 
obtain  a solution  for  the  response.  Inelastic  behavior  of  the 
frame  members  and  second  order  effects  produced  by  the  deflections 
of  the  frame  are  considered  In  the  analysis  performed  by  DYNFA. 

The  response  of  the  structure  Is  expressed  In  terms  of  the  deforma- 
tions of  the  structure  and  the  axial  loads „ bending  moments  and 
i shears  In  each  of  the  members.  Inelastic  behavior  Is  measured  on 
the  basis  qf  the  end  rotations  of  the  frame  members. 

I 

The  report  presents  the  basis  for  the  DYNFA  analysis,  as  well 
as  methods  and  guidelines  for  applying  lumped  parameter  modeling 
concepts  to  simulate  frame  structures  and  the  blast  environments 
to  which  they  artj  subjected.  A user's  manual  is  provided  which 
gives  Instructions  for  transmitting  to  DYNFA  the  Input  data  des- 
cribing the  lumped  parameter  model  of  the  structure.  The  manual 
describes  the  capabilities  of  the  program,  the  required  Input 
data,  the  formats  of  the  Input  data  cards  and  the  arrangement  of 
the  Input  data  deck.  A discussion  on  the  utilization  of  the 
printed  output  of  the  program  Is  also  provided. 

A preliminary  frame  design  method  is  presented  for  use  In 
conjunction  with  the  DYNFA  analysis.  This  method  provides  a 
means  for  making  efficient  and  rational  selections  of  Initial 


1 

1 * 


member  sizes  which  are  subsequently  verified,  and,  If  necessary, 
modified  on  the  basis  of  the  DYNFA  analysis. 

Methods  are  also  presented  for  applying  DYNFA  to  situations 
Involving  tho  design  of  columns  subjected  to  bl -axial  bending. 

Criteria  governing  the  design  of  blast-resistant  frames  are 
presented  In  terms  of  limits  on  the  maximum  deflections,  member 
end  rotations  and  levels  of  Inelastic  dynamic  response. 

Detailed  procedures  are  presented  fer  the  blast- resistant 
design  of  frame  structures.  Procedures  are  given  for  two  general 
design  case",  namely:  buildings  subjected  to  normal  shock  waves 
and  buildings  subjected  to  quartering  shock  waves.  For  each  gen- 
eral case,  procedures  are  presented  which  correspond  to  the 
various  phases  of  the  frame  design.  The  material  presented  In- 
cludes procedures  for  the  following:  the  preliminary  frame  de- 
sign, the  preparation  of  the  analytical  model  of  the  structure 
and  the  related  Input  data  for  DYNFA,  and  the  utilization  of  the 
results  of  DYNFA  in  conjunction  with  the  design  criteria  to  verify 
the  blast  resistance  of  the  frame.  Each  such  procedure  is  illus- 
trated by  a numerical  example. 
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INTRODUCTION 


i 1.1  D?,cMround 

In  the  design  of  steel  buildings  to  withstand  the  effects  of 
5 high-explosive  (HE)  and  other  types  of  chemical  explosions,  stan- 

\ dard  structural  members  can  be  utilized  for  structures  located  In 

l pressure  ranges  of  70.0  kPa  (10.0  psl)  or  less.  However,  because 

of  the  transient  nature  and  relatively  high  Intensity  of  the  ap- 
plied leads,  special  procedures  and  criteria  are  required  to  fully 
define  the  response  of  the  structure  to  the  blast  output. 

Steel  buildings  consist  of  three  general  structural  systems: 
(1)  the  walls  and  roof  panels,  (2)  supporting  members  such  as 
girts,  purlins,  diagonal  bracing  and  other  members  which  can  be 
treated  as  Individual  elements,  and  (3)  the  main  structural  frame. 
The  blast-resistant  design  of  the  first  two  systems,  because  of 
their  relative  simplicity,  can  be  accomplished  with  analyses  of 
slngle-degree-of -freedom  systems  (Ref  1,  2 and  3);  whereas  the 
design  of  the  main  frames  will  Involve  multi -degree-of- freedom 
? system  analyses.  The  complexities  Inherent  in  this  type  of  anal- 

ysis combined  with  the  effects  produced  by  the  transient  loads  and 
the  Inelastic  action  of  a frame  require  the  aid  of  high-speed  com- 
puters for  a solution.  Hence,  a computer  program  titled  "Dynamic 
Non-linear  Frame  Analysis"  (hereinafter  referred  to  as  DYNFA)  was 
developed  whereby  the  response  of  general  types  of  frame  struc- 
tures (such  as  those  shown  in  Fig  1)  subjected  to  arbitrary  blast 
loads  could  be  obtained.  In  addition,  design  criteria  are  pre- 
sented which  establish  upper  limits  for  the  frame  response  as 
computed  with  DYNFA. 

The  U.S.  Army,  under  the  direction  of  the  Project  Manager  for 
Production  Base  Modernization  and  Expansion,  is  currently  engaged 
in  a multi-billion  dollar  program  to  modern. ze  and  expand  its  am- 
munition production  capability.  In  support  of  this  program,  the 
Manufacturing  Technology  Division  of  the  Large  Caliber  Weapons 
Systems  Laboratory,  AARADCOM,  with  the  assistance  of  Ammann  & 
Whitney,  Consulting  Engineers,  has,  for  the  past  several  years, 
been  engaged  In  a broad  based  program  to  Improve  explosive  safety 
at  these  facilities.  One  segment  of  this  program  deals  with  the 
development  of  design  criteria  for  explosion-resistant  protective 
structures.  Part  of  this  effort  Involves  the  development  of  a 
comprehensive  procedure  for  the  design  of  blast-resistant  steel 
frames.  Computer  program  DYNFA  and  the  related  frame  design 
criteria  form  the  basis  of  this  procedure. 
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The  frame  design  procedure  and  the  aforementioned  computer 
program  and  related  criteria  are  presented  in  this  report. 

1.2  Purpose  and  Scope 

The  basic  purpose  of  this  report  Is  to  provide  ammunition 
facility  designers  with  criteria  and  procedures  for  the  design  of 
the  primary  structural  frames  of  steel  buildings  subjected  to  the 
effects  of  HE- type  explosions. 

Integral  with  t‘ie  basic  purpose  stated  above,  this  report 
also  provides  facility  designers  with  instructions  and  guidelines 
for  the  use  of  DYNFA.  Illustrative  examples  are  also  provided  to 
assist  facility  designers  In  using  the  program. 

This  report  has  been  prepared  with  the  following  general 
guidelines: 

1.  The  material  contained  in  this  report  supplements 
and.  In  some  Instances,  modifies  the  criteria  and 
procedures  presented  In  Plcatlnny  Arsenal  Technical 
Report  4b37  (Ref  1).  Therefore,  it  is  assumed 
that  this  report  will  be  used  In  conjunction  with 
TR  4837  by  designers  possessing  a basic  familiarity 
with  the  contents  of  that  report. 

2.  As  in  the  case  of  TR  4837,  the  blast  loads  used  In 
the  dynamic  analysis  are  determined  using  the  pro- 
cedures and  data  contained  In  the  Trl -Service  Design 
Manual,  TM  5-1300,  "Structures  to  Resist  the  Effects 
of  Accidental  Explosions"  (Ref  3). 

3.  Although  the  method  of  analysis  presented  herein  Is 
directed  primarily  towards  structural  steel  frame 
buildings,  it  Is  also  applicable  to  reinforced  con- 
crete frame  structures.  It  should  be  noted,  however, 
that  the  design  criteria  provided  in  this  report  Is 
primarily  applicable  to  steel  structures  and  will 
require  modification  for  the  design  of  concrete 
structures. 

4.  The  major  emphasis  has  been  placed  on  design  of 
structures  located  some  distance  from  the  Immediate 
blast  area  and,  therefore,  the  material  presented 
herein  has  limited  application  to  structures  located 
close-in  to  an  explosion. 
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5.  The  detailed  provisions  for  Inelastic  blast-resistant 
design  of  steel  members  shall  be  consistent  with  con- 
ventional static  plastic  design  procedures  as  presented 
In  the  AISC  "Specification  for  the  Design,  Fabrication 
and  Erection  of  Structural  Steel  for  Buildings" 

(Ref  4)  with  the  following  exceptions:  (1)  the  plastic 

strength  of  a section  under  the  blast  loading  Is  de- 
termined using  the  appropriate  dynamic  yield  stress  for 
the  material  instead  of  the  specified  minimum  yield 
stress,  and  (2)  the  load  factors  specified  in  Section 
2.1  of  Reference  4 are  not  applied  when  designing  for 
blast  loads. 

6.  In  all  cases,  the  static  provision  of  the  AISC 
Specification  represents  a minimum  requirement  for 
conventional  dead  and  live  loads.  Moreover,  it  is 
presumed  that  designers  using  this  report  are 
familiar  with  static  plastic  design  procedures  for 
steel . 

7.  In  general,  the  influence  of  conventional  dead 
and  live  loads  can  be  neglected  In  blast  design  or 
in  the  evaluation  of  the  capacity  of  a blast- 
resistant  structure.  However,  the  effect  of  such 
loads  upon  the  available  capacity  for  blest  resis- 
tance may  be  significant  in  the  design  of  struc- 
tures for  relatively  low  overpressures;  e.g.,  less 
than  7.0  kPa  (1  psl)  or  in  the  evaluation  of  the 
blast  resistance  of  a structure  designed  for  con- 
ventional loads. 

1.3  Format  of  the  Report 

This  report  Is  divided  into  sections  and  appendices  devoted 
to  Individual  topics  related  to  the  analysis  and  design  of  steel 
frame  structures  subjected  to  blast  overpressures.  For  the  pur- 
pose of  clarity  of  presentation,  most  of  the  directly  applicable 
material  from  TR  4R37,  TM  5-1300  and  the  AISC  Specification  and 
Manual  Is  not  repeated  In  this  report.  As  far  as  possible,  ap- 
plicable equations,  design  charts  and  tables,  and  commentary  mate- 
rial are  Included  herein  by  reference.  However,  certain  data 
provided  In  TR  4837  Is  repeated  In  Sections  2,  6 and  8 of  this 
report  for  continuity.  The  following  sections  contain  quantita- 
tive description  of  the  frame  analysis  and  related  items: 

Section  2 provides  a procedure  for  the  preliminary  design  of 
single-story  frames  subjected  to  blast  loads.  The  procedure  pre- 
sented Is  a simplification  of  the  preliminary  frame  design  pro- 
cedure presented  in  TR  4837. 
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Section  3 presents  the  basis  for  the  dynamic  analysis  of 
frame  structures  as  performed  by  DYNFA. 

Sections  4 and  5 present  methods  and  guidelines  for  analytic- 
ally simulating  frame  structures  and  the  blast  loading  environ- 
ments to  which  they  are  subjected.  The  discussion  Is  directed 
towards  translating  the  various  aspects  of  the  physical  problem 
Into  the  Input  data  for  DYNFA. 

Section  6 outlines  the  design  criteria  which  Is  utilized  to 
ascertain  whether  the  computed  response  of  a frame  Is  within  ac- 
ceptable limits. 

Section  7 presents  procedures  and  criteria  for  utilizing 
DYNFA  when  the  frame  design  Includes  bi -axial  bending  of  the 
columns. 

The  last  two  sections  are  devoted  entirely  to  the  use  of 
DYNFA.  Section  8 describes  the  capabilities  of  the  program  to- 
gether with  a detailed  description  of  the  required  Input.  Sec- 
tion 9 describes  the  printed  output  of  the  program  and  Includes 
a discussion  on  the  Interpretation  and  utilization  of  the  results 
to  verify  the  adequacy  of  a frame. 

Appendix  A Is  devoted  to  illustrative  examples  on  the  use  of 
DYNFA.  In  Appendix  A,  the  methods,  equations  and  guidelines  pre- 
sented In  the  body  of  the  report,  are  Implemented  In  several  Il- 
lustrative examples  Including  one  showing  the  design  of  frames 
with  In-plane  bending  of  the  columns,  and  another  illustrating 
a frame  design  which  Includes  of -axial  bending  of  the  columns. 

Appendix  B contains  samples  of  the  printed  output  of  the 
program. 

Appendices  C through  F contain  supporting  data  for  the  re- 
port. The  theory  implemented  In  the  program  is  presented  In 
Appendix  C,  while  Appendix  D contains  the  program  listing.  Sym- 
bols and  definitions  of  the  terms  used  In  the  report  (and  program) 
are  listed  in  Appendix  E. 

Since  future  standards  of  measurements  In  the  United  States 
will  be  based  upon  the  SI  Units  (International  System  of  Units), 
Instead  of  the  United  States  System  of  Units  now  in  use,  all  mea- 
surements presented  In  this  report  will  conform  to  those  of  the 
SI  Units.  However,  for  those  Individuals  not  completely  familiar 
with  the  SI  Units,  the  equivalent  units  in  the  U.S.  System  are 
provided  In  parentheses  adjacent  to  the  SI  Unit,  where  appropriate. 
A list  containing  the  units,  symbols,  and  the  United  States  System 
conversion  factors  for  the  SI  Units  Is  presented  In  Appendix  F. 
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| ''  1.4  Components  and  Behavior  of  Steel  Structures 

I' 

I General 

L In  most  cases,  single-story  rectangular  structures  will  be 

3 encountered  In  the  design  of  ammunition  production  and  explosive 

manufacturing  facilities.  Depending  upon  the  operation  Involved, 
the  rectangular  structure  may  be  subdivided  Into  one  or  more  bays 
In  either  direction.  The  size  (or  sizes)  of  the  bays  will  be  de- 
,,  termlned  by  the  layout  of  the  column  supports  of  the  frame.  In 

| general,  steel  buildings  may  be  rigidly  framed  either  In  one  or 

| both  directions,  as  shown  In  Figure  2.  Buildings  which  ar*  framed 

t In  one  direction  are  usually  provided  with  lateral  bracing  In  the 

"ther  direction.  Two-directional  framing  systems  usually  utilize 
i common  column  supports,  as  Illustrated  In  Figure  2b. 

i 

t The  rigid  frame  is  the  primary  support  component  of  a steel 

building  (Fig  3),  while  the  purlins,  girts,  roof  and  wall  paneling 
form  the  secondary  support  system.  As  previously  mentioned,  the 
elements  of  the  secondary  system  usually  can  be  designed  using 
single-degree-of-freedom  system  analyses  (Ref  1,  2 and  3),  while 
the  design  of  the  rigid  frames  will  Involve  multi -degree-of- 
freedom  system  analyses. 

Structural  Behavior 

The  oconomy  of  facility  design  generally  requires  that  steel 
structures  be  designed  to  perform  In  the  Inelastic  response  range 
when  subjected  to  blast  overpressures.  In  order  to  insure  the 
structure's  Integrity  throughout  such  severe  conditions,  the 
facility  designer  must  be  cognizant  of  the  various  possible  fail- 
ure modes  and  their  inter-relationships.  The  limiting  design 
values  are  dictated  by  the  attainment  of  inelastic  deflections 
and  rotations  wlchort  complete  collapse.  The  amount  of  Inelastic 
deformation  Is  dependent  Aot  only  upon  the  ductility  characteris- 
tics of  the  material,  but  also  upon  the  intended  use  of  the  struc- 
ture following  an  Incident,  For  the  structure  to  maintain  large 
plastic  deformations,  steps  must  be  taken  to  prevent  premature 
failure  by  either  brittle  fracture  cr  instability  (local  o**  over- 
all). Guidelines  and  criteria  for  dealing  with  these  effects  are 
presented  in  this  report. 

1 . 5 Dynamic  Analysis  and  Design 

Generrl 

The  design  of  steel  buildings  subjected  to  blast  pressures 
involves  performing  dynamic  analyses  of  a series  of  interior  and 
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exterior  frames  spanning  transversely  and/or  longitudinally 
through  the  buildings.  For  a given  structure,  the  analysis  of 
one  representative  Interior  ana  one  exterior  frame,  spanning  In 
each  direction,  generally  can  be  used  as  a basis  for  designing 
ali  the  frames  tlvx-ghout  the  building.  However,  In  situations 
where  large  differentials  in  the  blast  loads  occur  and/or  where 
large  variations  In  frame  spaclngs  are  prevalent,  analyses  of 
additional  frames  may  be  needed. 

Basis  of  Analysis 

The  design  of  rigid  frames,  as  treated  in  this  report,  is 
based  upon  the  premise  that  the  frames  provide  the  entire  resis- 
tance to  lateral  loads ; hence,  the  si  desway  resistance,  afforded 
by  the  diaphragm  action  of  the  roof  and  wall  panels,  is  neglected. 
In  recent  years,  the  use  of  diaphragm  action  has  become  more  com- 
mon in  the  design  of  conventional  buildings  for  wind  loads.  Data 
and  criteria  pertaining  to  the  strength  and  stiffness  of  cold- 
formed  steel  panels  subjected  to  In-plane  loads  have  been  developed 
through  extensive  test  programs  (Ref  5).  In  applications  involv- 
ing conventional  structures,  the  utilization  of  diaphragm  action 
can  produce  substantial  economies  in  design  and  construction. 
However,  the  wall  and  roof  panels  of  blast- resistant  buildings 
are  normally  designed  to  perform  in  the  inelastic  response  range 
under  the  action  of  normal  loads.  The  occurrence  of  inelastic 
strains  in  the  material  will  decrease,  to  some  extent,  the  in- 
plane shear  capacity  produced  by  the  diaphragm  action  of  the 
panels.  In  the  absence  of  test  data,  the  extent  of  the  decrease 
of  the  in-plane  shear  capacity  cannot  be  ascertained.  It  Is  gulte 
possible  that  the  diaphragms,  in  the  inelastic  condition,  will 
have  a very  small  In-plane  shear  capacity;  therefore,  until  test 
data  indicates  otherwise.  It  is  not  considered  appropriate  to 
utilize  diaphragm  action  in  the  design  of  blast-resistant 
structures. 

In  addition  to  diaphragm  action,  some  resistance  to  the  lat- 
eral movement  of  the  exterior  frames  will  be  afforded  by  the  pres- 
ence of  the  wall  girts  spanning  between  the  columns  of  the  frames. 
The  girts  will  tend  to  distribute  the  lateral  loads  among  all  of 
the  columns;  whereas  in  the  frame  analysis,  the  entire  load  is 
applied  to  the  blastward  column.  Because  of  this,  a somewhat  con- 
servative design  for  the  exterior  frames  will  be  realized. 

Each  rigid  frame  is  assumed  to  support  a portion  (or  strip) 
of  the  building  (Fig  4a).  The  supported  strip  is  framed  by  the 
girts  and  purlins  which  span  between  adjoining  frames.  The  por- 
tion of  the  building  supported  by  a given  frame  extends  to  the 
full  height  of  the  structure  and,  for  an  Interior  frame,  has  a 
width  equal  to  one-half  of  the  sum  of  the  distances  between  the 
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t'Anie  In  question  and  the  two  adjacent  frames.  End  frames  are 
assumed  to  support  a strip  equal  in  width  to  one-half  of  the  dis- 
tance between  the  end  frame  and  the  first  Interior  frame. 

In  the  frame  analysis,  the  loads  acting  on  the  contributory 
areas  of  the  building  are  assumed  to  be  concentrated  at  the  cen- 
terline of  the  frames.  This  assumption  neglects  two  effects 
which,  if  Included  In  the  analysis,  would  reduce  the  response  of 
the  frame;  hence,  the  assumption  Introduces  a measure  of  conserva- 
tism Into  the  design  of  the  frames.  The  effects  referred  to  are: 
the  energy  absorption  produced  by  the  Inelastic  action  of  the 
secondary  members  (purlins,  girts,  etc.)  and  the  rise  time  on  the 
loading  of  the  frame  members  due  to  the  response  of  the  secondary 
framing.  However,  the  analysis  does  consider  the  time-lag  effects 
associated  with  the  blast  wave  sweeping  across  the  structure. 

In  most  cases,  each  frame  can  be  analyzed  Independently; 
therefore,  the  scope  of  the  analysis  can  be  limited  to  two- 
dlmenslonul  rigid  frames.  However,  when  bl-axial  bending  of  the 
building  columns  occurs,  provision  must  be  made  In  the  analysis  to 
account  for  the  reduction  in  the  column  capacities  caused  by  the 
simultaneous  application  of  bending  moments  about  both  axes  of  the 
members. 

In  general,  bl-axial  bending  occurs  In  seme.  If  not  all,  of 
the  columns  of  the  building,  depending  on  the  direction  of  propa- 
gation of  the  blast  wave.  When  the  building  Is  loaded  in  a quar- 
tering direction  (Fig  4b),  all  of  the  columns  experience  bi-axial 
bending.  When  the  shock  front  is  pare II el  to  the  front  wall  of 
the  building,  only  the  exterior  columns  of  the  side  walls  undergo 
bl-axial  bending.  In  these  latter  cases,  the  analyses  of  the 
frames  perpendicular  to  the  blast  direction  may  be  omitted.  How- 
ever, the  response  of  the  exterior  columns  to  the  side-on  blast 
pressures  Is  still  required  to  design  these  members.  This  re- 
sponse may  be  estimated  by  a slngle-degree-of- freedom  analysis  of 
the  member. 

Design  Procedure 

The  design  of  steel  frames  Is  basically  a trial-and-error 
procedure.  In  order  to  determine  the  required  member  sizes,  the 
response  of  the  frame  must  be  known.  However,  the  response  of 
the  frame  cannot  be  computed  unless  the  sizes  of  the  members  have 
been  determined;  consequently,  it  Is  usually  necessary  to  proceed 
with  the  analysis  and  design  of  the  frame  simultaneously. 

The  first  step  In  the  design  of  a frame  Is  the  selection  of 
sizes  of  trial  members.  In  situations  Involving  structures  loaded 
In  the  low- to- Interred late  pressure  range,  the  designs  will  Involve 
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the  use  of  standard  structural  shapes  strengthened  to  provide  the 
required  blast  protection.  The  adequacy  of  these  members  Is  de- 
termined by  analyzing  the  frames  using  DYNFA.  The  results  of  the 
DYNFA  analysis  will  Indicate  whether  the  Inelastic  deformations 
which  occur  during  response  are  within  the  limiting  design  values 
specified  In  the  body  of  this  report. 

The  final  design  Is  determined  by  achieving  an  economical 
balance  between  stiffness  and  resistance  such  that  the  calculated 
response  under  the  blast  loading  lies  within  the  limiting  values 
dictated  by  the  operational  requirements  of  the  facility.  In 
some  cases,  this  may  require  several  analyses  of  the  frame  with 
DYNFA.  The  number  of  analyses  required  Is  dependent  upon  the 
accuracy  with  which  the  trial  members  are  selected.  In  order  to 
limit  the  number  of  analyses  required,  a preliminary  design 
method  Is  provided  in  this  report  for  the  purpose  of  providing 
facility  designers  with  the  means  for  making  efficient  and 
rational  selections  of  the  Initial  member  sizes.  The  method  pro- 
vided Is  a simplified  version  of  the  preliminary  design  procedure 
presented  In  Chapter  5 of  Reference  1. 


SECTION  2 

PRELIMINARY  FRAME  DESIGN  METHOD 


2.1  Introduction 


The  objective  of  this  section  Is  to  provide  rational  proce- 
dures for  efficiently  performing  the  preliminary  design  of  the 
primary  structural  frames  of  steel  buildings  subjected  to  the 
effects  of  HE-type  explosions.  The  preliminary  frame  design 
method  comprises  four  tasks,  which  are: 

1.  Computation  of  the  peak  blast  loads  acting  on  the 
structure. 

2.  Selection  of  representative  frames  for  analysis 
with  DYNFA. 

3.  Computation  of  required  plastic  moment  capacities 
for  the  members  of  the  selected  frames. 

4.  Selection  of  member  sizes  for  all  frames  through- 
out the  building. 

The  member  sizes  thus  obtained  are  subsequently  verified  and. 
If  necessary,  revised  on  the  basis  of  a series  of  rigorous  dynamic 
analyses  of  the  selected  frames  with  DYNFA. 

The  blast  loads  used  for  the  preliminary  design  are  computed 
using  the  peak  pressures  obtained  from  Section  4 of  Refeience  3. 

A description  of  the  procedures  for  computing  these  pressures  Is 
provided  In  Section  2.2.  The  determination  of  the  blast  loads  for 
the  preliminary  design  Is  not  related  to  the  discussion  In  Section 
5,  which  Is  directed  towards  generating  mathematical  functions  of 
pressure  versus  time  for  use  with  DYNFA. 

For  the  general  case  of  structures  subjected  to  quartering 
shock  waves,  the  quantities  required  are  the  peak  loads  acting  on 
blastward  walls  as  well  as  the  roof.  For  structures  subjected  to 
normally  directed  shock  waves,  the  quantities  required  are  the 
peak  loads  on  the  blastward  wall,  the  roof  and  the  side  wall.  The 
effects  of  the  loading  on  the  leeward  wall(s)  Is  not  considered 
for  the  preliminary  design. 

Following  the  computation  of  the  blast  loads,  several  frames 
are  selected  for  analysis  with  DYNFA.  For  structures  subjected  to 
quartering  shock  waves,  several  representative  frames  spanning  In 
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each  direction  are  chosen.  In  such  cases,  the  basis  for  the  selec- 
tion Is  a comparison  of  the  blast  loads  (horizontal  and  vertical) 
acting  on  all  frames  positioned  normal  to  each  blastward  wall.  If 
the  loads  on  all  Interior  frames  positioned  normal  to  a given  wall 
are  nearly  equal  (within  a few  percent),  analysis  of  only  one  such 
frame  is  required.  In  addition,  if  the  loads  on  the  exterior  frames 
differ  slightly,  only  one  exterior  frame  is  analyzed.  Hence,  In 
cases  such  as  these,  the  frames  selected  for  analysis  are  the 
blastward  exterior  frame  and  the  Interior  frame  adjacent  to  it. 

If  the  blast  loads  on  successive  frames  differ  greatly,  several 
additional  interior  frames,  as  well  as  the  leeward  exterior  frame, 
should  be  analyzed  for  economy  of  design.  Such  differences  in  the 
blast  loading  on  successive  frames  are  produced  by:  rapid  decaying 

of  shock  front  pressure  as  the  blast  wave  traverses  the  structure; 
unequal  spacing  of  frames;  and  variations  In  the  secondary  framing 
plan  of  the  roof  and  walls  from  one  framing  bay  to  another.  In 
most  cases  involving  normal  shock  waves,  DYNFA  analyses  are  re- 
quired for  only  two  frames:  a typical  interior  frame  and  an  ex- 

terior frame.  However,  variations  in  the  frame  spacing  or  the 
secondary  framing  plan  of  the  roof  or  walls  may  produce  a require- 
ment for  analyses  of  additional  frames. 

Upon  the  completion  of  the  first  two  tasks,  the  preliminary 
design  proceeds  with  the  computation  of  the  required  plastic  moment 
capacities  for  the  members  of  the  selected  frames.  These  quantities 
are  computed  on  the  basis  of  an  analysis  of  each  selected  frame 
using  the  mechanism  method  as  employed  in  static  plastic  design 
(Ref  6).  Section  2.3  presents  general  expressions  for  computing 
the  limiting  bending  capacities  which  correspond  to  the  possible 
collapse  mechanisms  of  single-story  rigid  and  braced  frames. 

Each  selected  frame  is  analyzed  Independently;  Interactions 
between  orthogonal  frames  caused  by  bi -axial  bending  of  the 
columns  are  not  considered.  However,  who»"e  bi -axial  bending 
occurs,  the  flexural  capacities  about  both  axes  of  the  member  are 
required  for  the  preliminary  design.  Bl-axlal  bending  In  the 
building  columns  is  caused  by  the  simultaneous  action  of  the 
horizontal  blast  loads  on  two  adjoining  walls  of  the  structure. 
Generally,  to  design  for  this  condition,  preliminary  analyses  of 
both  longitudinal  and  transverse  frames  are  necessary  in  order  to 
compute  the  required  flexural  capacities  about  both  axes  of  the 
columns.  In  cases  Involving  normally  directed  shock  waves,  anal- 
yses of  frames  perpendicular  to  the  direction  of  the  blast  can  be 
eliminated  since  the  sldesway  motions  of  these  structures  are  pre- 
vented by  the  symmetric  loading  on  the  sides  of  the  building. 
However,  consideration  must  be  given  to  the  occurrence  of  bl-axlal 
bending  In  the  columns  of  the  end  frames  parallel  to  the  blast. 
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For  the  preliminary  design  of  these  columns,  the  flexural  capaci- 
ties required  to  resist  the  side-on  pressures  can  be  estimated  by 
a simplified  mechanism  analysis  of  the  individual  members. 

With  the  required  flexural  capacities  determined  on  the  oasis 
of  the  mechanism  analyses,  the  preliminary  sizing  of  the  frame 
members  can  be  accomplished  by  applying  the  design  criteria  pre- 
sented in  Section  2.4. 

The  preliminary  design  procedure  of  this  section  is  a sim- 
plification of  the  frame  design  method  presented  in  Chapter  5 of 
Reference  1.  The  referenced  material  contains  procedures  for  the 
preliminary  selection  of  member  sizes,  as  well  as  expressions  for 
approximating  the  overall  sidesway  response  of  the  frame,  and  the 
Individual  responses  of  the  exterior  members  of  the  frame.  These 
latter  procedures  were  included  to  provide  facility  designers  with 
a means  for  evaluating  the  adequacy  of  the  frame  members  selected 
on  the  basis  of  the  preliminary  design  method.  Based  on  experience 
with  DYNFA,  however,  it  has  been  determined  that  these  latter  pro- 
cedures can  be  eliminated.  Hence,  the  preliminary  design  procedure 
presented  in  this  report  is  limited  in  scope  to  the  initial  selec- 
tion of  the  member  sizes  for  the  main  frames.  In  addition,  the 
preliminary  sizing  of  the  frame  members  is  simplified  by  the  ex- 
clusion of  the  axial  load  and  related  beam  column  effects  from  the 
design  criteria. 

To  facilitate  the  utilization  of  this  report,  the  applicable 
equations  and  data  presented  in  Chapter  5 of  Reference  1 are 
reproduced  in  Sections  2.3  and  2.4  of  this  report.  The  reproduced 
material  includes  the  expressions  for  the  collapse  mechanisms  of 
single-story  frames,  the  preliminary  dynamic  load  factors  for 
establishing  the  equivalent  static  loads  for  the  various  failure 
mechanisms  considered  and  the  moment  capacity  reduction  equations 
for  the  effects  of  lateral  torsional  buckling. 

Examples  A.l  and  A. 2 of  Appendix  A demonstrate  the  use  of  the 
preliminary  design  method. 

2.2  Computation  of  the  Blast  Pressures  for  Preliminary  Design 

The  blast  pressures  utilized  for  the  preliminary  design  of 
the  main  frames  are: 

1.  The  peak-reflected  pressures  acting  on  the 
blastward  wall(s)  of  the  structure,  and 

2.  Tho  peak  pressure  acting  on  the  roof  of  the 
structure. 
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In  situations  involving  quartering  shock  waves,  the  above 
quantities  are  computed  at  the  corner  of  the  building  nearest  the 
detonation  and  at  the  far  corner  of  each  blastward  wall.  The 
pressures  thus  obtained  are  then  utilized  to  compare  the  blast 
loads  acting  on  the  frames  positioned  normal  to  each  blastward 
wall.  The  peak  pressures  computed  at  the  blastward  corner  of  the 
building  are  utilized  for  the  preliminary  design  of  the  blastward 
exterior  frames  and  the  interior  frames  adjacent  to  them.  When 
analyses  of  additional  frames  are  required  because  of  large  pres- 
sure differentials  between  the  ends  of  the  building,  the  peak  re- 
flected pressure  utilized  for  the  mechanism  analysis  of  each  such 
frame  should  be  computed  at  the  location  of  the  frame  and  the  roof 
pressure  should  be  computed  at  a point  halfway  between  the  blast- 
ward  and  leeward  ends  of  the  frame.  The  occurrence  of  large  pres- 
sure differentials  between  the  ends  of  the  building  is  prevalent 
in  high  pressure  regions  or  situations  Involving  relatively  long 
structures . 

For  designing  structures  subjected  to  normal  shock  waves,  the 
peak  pressures  are  computed  at  the  point  on  the  blastward  wall 
nearest  the  detonation,  as  shown  in  Figure  5. 

The  data  for  computing  the  blast  pressures  for  the  preliminary 
design  are  contained  in  Figures  4-5,  4-6,  4-11  and  4-12  of  Refer- 
ence 3.  Figures  4-5,  4-11  and  4-12  contain  curves  of  the  incident 
and  normal  reflected  pressures  plotted  as  functions  of  the  scaled 
distance  Z = R^/W1^  where  R/\  is  the  radial  distance  from  the 
charge  and  W Is  the  charge  weight.  The  data  in  Figure  4-5  is  ap- 
plicable to  TNT  explosions  in  free  air;  while  the  data  in  Figures 
4-11  and  4-12  applies  to  TNT  surface  explosions.  Supplementary 
data  for  surface  explosions  in  provided  In  Figure  6 of  this  report. 
To  determine  the  value  of  a specific  parameter,  enter  the  appro- 
priate figure  with  the  scaled  distance  from  the  charge  to  the 
point  of  interest  on  the  structure,  and  read  the  value  from  the 
appropriate  curve. 

For  the  preliminary  design  of  frames  located  in  the  low-to- 
intermediate  pressure  level  range  (70.0  kPa  or  less),  the  peak 
pressure  acting  at  a point  on  the  roof  can  be  taken  as  the  peak 
positive  Incident  pressure.  This  quantity  can  be  read  directly 
off  of  the  appropriate  curve  in  one  of  the  aforementioned  figures. 
For  the  design  of  structures  located  in  higher  pressure  regions, 
the  peak  roof  pressure  should  be  taken  as  the  sum  of  the  peak  in- 
cident pressure  plus  the  drag  pressure,  which  is  computed  as  out- 
lined in  Section  4-14  of  Reference  3. 

When  computing  the  reflected  pressure  at  a point  on  a blast- 
ward  wall,  the  angle  of  Incidence  between  the  direction  of  the 
blast  wave  and  the  wall  must  be  considered.  In  cases  where  the 
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blast  wave  Is  normal  to  the  wall,  the  peak  reflected  pressure  can 
be  read  directly  from  the  curves  in  Figure  4-5  or  4-12  of  Refer- 
ence 3.  However,  in  situations  involving  quartering  loads,  sup- 
plementary data  are  required  for  the  computation  of  the  peak 
reflected  pressure.  These  data  are  provided  in  Figure  4-6  of 
Reference  3.  The  referenced  figure  contains  curves  which  relate 
the  reflected  pressure  to  both  the  incident  pressure  and  the  angle 
of  incidence  between  the  direction  of  the  shock  front  and  the  wall. 

To  compute  the  reflected  pressures  in  cases  involving  quar- 
tering loads,  read  from  the  appropriate  curve  in  Figure  4-5,  4-11 
or  4-12,  the  incident  pressure  at  the  point  of  Interest  on  the 
structure.  Next,  compute  the  angle  of  incidence  between  the  shock 
front  and  the  blastward  wall  at  the  point  of  interest.  Enter  Fig- 
ure 4-6  with  these  two  quantities  and  read  from  the  appropriate 
curve  the  value  of  the  reflected  pressure  coefficient,  which  is 
defined  as  the  ratio  of  the  peak  reflected  to  the  peak  incident 
pressure.  Multiplication  of  the  peak  incident  pressure  by  this 
coefficient  will  yield  the  peak  reflected  pressure. 

2.3  Computation  of  Plastic  Moment  Capacities 

General 

The  plastic  moment  capacities  of  the  members  are  determined 
by  establishing  the  governing  failure  inode  for  the  frame.  The  de- 
sign objective  is  to  proportion  the  frame  members  such  that  the 
governing  mechanism  represents  an  economical  solution. 

Rigid  Frames 

General  expressions  for  the  possible  collapse  mechanisms  of 
single-story  rigid  frames  are  presented  In  Table  1 for  pinned  and 
fixed-base  frames  subjected  to  combined  vertical  and  horizontal 
loading. 

For  a particular  frame  within  a framing  system,  the  ratio  of 
total  horizortal-to-vertical  peak  loading  (denoted  by  a)  is  de- 
pendent upon  the  following:  the  values  of  the  peak  pressures  com- 

puted as  discussed  In  Section  2.2,  and  the  configuration  of  the 
the  secondary  framing  of  the  structure.  Hence,  the  quantity  a is 
determined  as  follows: 

a = qh/qv  0) 

where  qy  = pyt>v  = peak  vertical  load  on  rigid  frame 


* peak  horizontal  load  on  rigid  frame 

pv  = peak  pressure  on  roof 

p^  = peak  reflected  pressure  on 
blastward  wall 

by  = tributary  width  fo«  vertical  loading 
on  the  roof  girder 

= tributary  width  of  building  supported 
by  frame  wnen  the  purlins  are  normal 
to  the  girder,  or  one-half  of  the  sum 
of  the  distances  between  the  girder  end 
the  two  adjacent  purlins,  when  the 
purlins  are  parallel  to  the  girder 

bh  * tributary  width  for  horizontal  loading 
on  the  exterior  column  of  the  blast- 
ward  wall 

* tributary  width  of  building  supported 
by  frame  when  the  girts  are  normal  to 
the  column,  or  one-half  of  the  sum  of 
the  distances  between  the  column  and  the 
two  adjacent  girts,  when  the  girts  are 
parallel  to  the  col  win 

The  ratio,  a,  will  usually  lie  in  the  range  from  about  1.8  to  2.5 
When  the  direction  of  the  blast  wave  propagation  is  perpendicular 
to  the  roof  purlins.  The  value  of  a is  much  higher  when  the  di- 
rection of  the  blast  wave  is  parallel  to  the  purlins,  since  in 
this  case,  only  part  of  the  vertical  load  Is  carried  by  the  gir- 
ders of  the  frame. 

The  following  assumptions  were  made  in  developing  the  ex- 
pressions given  in  Table  1: 

1.  The  plastic  bending  capacity  of  the  roof  girder, 

Mp,  is  constant  for  all  bays. 

2.  Both  exterior  columns  have  the  same  plastic  bending 
capacity.  CM„.  It  was  also  assumed  that  the  bending 
capacity  of  art  exterior  column  Is  equal  to  or  greater 
than  the  bending  capacity  of  the  girder  (hence,  C ^1.0), 

3.  All  Interior  columns  have  the  same  plastic  bending 
capacity,  C^Mp. 
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In  most  cases,  more  economical  designs  of  blast-resistant 
frames  are  realized  when  the  failure  mode  corresponds  to  either 
a panel  or  combined  mechanism  (Mechanisms  3 through  6 in  Table  1). 
It  will  normally  be  uneconomical  to  proportion  a rigid  frame 
such  that  the  mode  of  failure  for  the  structure  corresponds  to 
a simple  beam  mechanism  (Mechanisms  1 and  2 in  Table  1).  Such 
a failure  results  from  a localized  failure  of  either  the  roof 
girder  or  the  columns  and  therefore  may  occur  while  the  remaining 
frame  members  remain  elastic.  Failure  due  to  the  formation  of 
simple  beam  mechanisms  is  prevalent  in  laterally  restrained  frames 
where  the  lateral  restraint  is  provided  by  a rigid  support  member 
connected  to  the  frame  or  the  application  of  equal,  but  opposite, 
horizontal  loads  to  the  exterior  columns.  The  latter  condition 
applies  to  frames  which  are  positioned  perpendicular  to  the  direc- 
tion of  the  blast  wave.  When  the  lateral  restraint  is  provided 
by  an  elastic  member  (such  as  a diagonal  brace),  failure  may  occur 
due  to  other  types  of  mechanisms  (panel,  combined,  etc.)  as  dis- 
cussed in  subsequent  sections. 

The  mechanism  method  is  based  on  the  upper-bound  plastic 
limit  theorem  (Ref  6)  which  states  that  a load  determined  for  an 
assumed  mechanism  will  always  be  greater  than  or  equal  to  the  true 
plastic  limit  load  for  the  structure.  Thus,  for  a given  frame 
with  known  member  properties,  the  true  plastic  limit  load  is  the 
minimum  of  the  plastic  limit  loads  computed  for  all  of  the  pos- 
sible collapse  mechanisms,  and  the  governing  collapse  mechanism 
is  the  one  corresponding  to  the  true  plastic  limit  load.  In 
design,  the  applied  load  is  fixed  while  the  member  sizes  are  un- 
known. Applying  the  upper-bound  theorem  for  design,  the  govern- 
ing mechanism  corresponds  to  the  one  requiring  the  largest  plastic 
moment,  Mp.  For  economical  design,  the  designer  should  attempt  to 
proportion  the  bending  capacities  of  the  columns  and  girders  such 
that  the  governing  mechanism  is  either  a panel  or  combined  mech- 
anism. This  Is  accomplished  by  several  trial  calculations  in  which 
the  values  of  C and  C-|,  and  the  corresponding  maximum  value  of  Mp 
computed  for  all  mechanisms,  are  minimized  in  successive  trials. 
Here,  engineering  judgement  is  required,  since  several  sets  of 
values  of  C and  C]  may  yield  similar  values  of  Mp.  Based  on  ex- 
perience with  the  mechanism  method,  the  following  values  of  C and 
Ci  are  recommended  for  initiating  the  trial  calculation: 

1.  C ^ 2.0 

2.  C]  - 2.0 

After  a few  trials,  it  will  become  obvious  which  choices  of  C and 
C]  should  be  utilized.  In  most  cases,  the  bending  capacity  of  an 
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exterior  column  will  be  greater  than  the  bending  capacity  of  an 
Interior  column;  hence,  when  choosing  values  for  C and  C-| , C should 
generally  be  greater  than  or  equal  to  C-j . However,  In  some  situa- 
tions, this  may  not  achieve  an  economical  solution;  here,  economy 
may  dictate  that  C should  be  less  than  equal  to  C-) . 

Frames  with  Supplementary  Bracing 


The  possible  collapse  mechanisms  of  single-story  frames  with 
diagonal  tension  brae  ng  are  given  In  Tables  2 and  3 for  pinned- 
base  frames  with  rigid  and  non-rigid  girder  to  column  connections. 
In  each  case,  the  ultimate  capacity  Is  expressed  In  terms  of  the 
equivalent  static  load  and  the  member  ultimate  strength  (either 
M or  AfcFjy).  In  these  tables,  the  cross-sectional  area  of  the 
tension  brace  Is  denoted  by  At,,  the  parameter  m Is  the  number  of 
braced  bays,  and  Fwy  is  the  dynamic  yield  stress  for  the  bracing 
member.  The  dynamic  yield  stress  Is  determined  according  to  the 
provisions  In  Section  2.2  of  Reference  1.  The  derivations  of  the 
expression  given  in  Tables  2 and  3 are  based  on  the  same  assump- 
tions utilized  In  developing  the  expressions  given  in  Table  1. 


For  non-rigid  glrder-to-column  connections,  the  resistance 
^unctions  for  local  mechanisms  of  the  roof  girder  depend  upon 
whether  the  girder  Is  continuous  over  the  columns  or  is  framed 
between  the  columns.  When  the  girder  is  continuous,  the  interior 
bay  girder  mechanisms  are  the  same  as  those  for  a fixed  beam; 
while  the  resistance  of  the  exterior  girder  is  the  same  as  that 
of  a flxed-plnned  beam.  In  certain  cases,  it  may  be  economical 
to  provide  a rigli  connection  at  the  exterior  glrder-to-column 
joint  and  non-rigid  connections  at  Interior  girder-to-column  joints. 


For  rigid  frames  with  tension  bracing,  it  Is  necessary  to 
vary  C,  C-|  and  Ab  In  order  to  achieve  an  economical  design.  When 
non-rigid  glrder-to-column  connections  are  used,  C and  C-j  drop  out 
of  the  resistance  function  for  the  sidesway  mechanism  and  the  area 
of  the  bracing  can  be  calculated  directly. 


The  preliminary  design  procedure  for  frames  with  supplemen- 
tary diagonal  braces  is  similar  to  the  procedure  described  for 
rigid  frames.  For  braced  frames  with  rigid  connections,  however, 
the  procedure  is  slightly  more  Involved  since  It  is  necessary  to 
assume  a value  for  the  brace  area  in  addition  to  the  assumptions 
for  the  coefficients  C and  C-|.  In  selecting  a trial  value  for 
Ajj  for  frames  with  rigid  connections,  the  minimum  brace  size  will 
be  controlled  by  limiting  the  slenderness  ratio  for  the  member, 
in  order  to  prevent  vibration  or  “slapping"  during  the  response. 
This  design  condition  can  be  expressed  as: 
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In  which  tk  Is  the  minimum  radius  of  gyration  of  the  bracing  member 
and  Lk  Is  Its  length  between  points  of  support.  Even  though  a com- 
pression brace  Is  not  considered  effective  In  providing  resistance, 
the  tension  and  compression  braces  should  be  connected  together 
where  they  cross.  In  this  manner,  Lb  for  each  brace  may  be  taken 
equal  to  half  of  the  total  length. 

In  addition.  In  each  particular  application,  there  will  be  a 
limiting  value  of  Ak  beyond  which  there  will  be  no  substantial 
weight  savings  In  tne  frame  members  since  minimum  sizes  for  the 
frame  members  are  required  based  upon  the  maximum  slenderness 
ratio  requirements  given  In  Section  4.2  of  Reference  1.  In  gen- 
| eral,  values  of  Au  of  about  6 to  25  square  centimeters  (1  to  2 

t square  Inches)  will  result  in  a substantial  increase  in  the  over- 

all resistance  for  frames  with  rigid  connections;  hence,  an  assumed 
b*ace  area  In  this  range  is  recommended  as  a starting  point.  The 

$ determination  of  C and  C-|  then  follows  the  same  procedure  as  out- 

lined for  rigid  frames. 

Dynamic  Load  Factors 

For  the  purpose  of  preliminary  design.  It  is  necessary  to 
make  certain  Initial  assumptions  regarding  the  dynamic  effect  of 
the  load  on  the  deflection  of  the  frame.  These  assumptions  are 
required  since  the  natural  period  of  the  system  is  Initially  un- 
known. To  obtain  initial  estimates  of  the  required  mechanism 
resistance,  the  dynamic  load  factors  of  Table  4 may  be  used  to  ob- 
tain equivalent  static  loads  for  the  Indicated  mechanisms.  These 
factors  are  based.  In  part,  on  the  data  provided  In  Chapter  5 of 
Reference  1. 

2.4  Preliminary  Sizing  of  Frame  Members 

Member  sizes  are  selected  on  the  basis  of  the  plastic  section 
moduli.  These  quantities  are  computed  using  the  required  bending 
capacities  determined  from  the  mechanism  analyses  of  several  rep- 
resentative frames  spanning  In  one  or  both  directions  -if  the  build- 
ing. The  member  sizes  thus  obtained  must  satisfy  the  provisions 
for  the  design  of  members  subjected  to  combined  axial  load  and 
bending  moment  that  are  set  forth  in  Reference  1 and  adapted,  with 
some  modifications,  In  this  report. 

The  plastic  section  moduli  for  a member  designed  for  bl -axial 
bending  are  computed  with  the  following  equations: 
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Zx  = ^p^x^dv 

(3a) 

Zy  = (Mpjy/F^ 

(3b) 

where 

Zx,Zy  * the  plastic  section  moduli 
y axes  of  bending 

for  both 

(M  ) ,(M  ) * the  required  plastic  bending  capacities 
" x p y about  both  axes  of  bending 

Fdv  = the  dynamic  yield  stress  which  is  con- 
^ puted  as  described  In  Section  2.2  of 
Reference  1 

Select  a member  whose  x-  and  y-axes  plastic  section  moduli  are 
equal  to  or  greater  than  Zx  and  Zy,  respectively.  The  plastic 
section  modulus  for  a member  designed  for  uni-axial  bending  Is 
computed  with  the  equation  given  below: 

’ <Vn'Fdy 2 *  (4) 

where  the  subscript  n refers  to  the  axis  of  bending  of  the  member. 

The  provision  set  forth  In  Reference  1 for  the  design  of  mem- 
bers subjected  to  combined  axial  load  and  bending  moment  comprise 
the  following  requirements: 

1.  Members  subjected  to  combined  axial  load  and 
bl-axlal  bending  moments  should  be  proportioned 
to  satisfy  the  Interaction  formulas  which  con- 
sist of  Equations  4.4  and  4.5  of  Reference  1. 

2.  Members  subjected  to  bending  about  their  strong 
axis  should  be  provided,  where  possible,  with 
sufficient  lateral  bracing  to  prevent  lateral - 
torsional  buckling.  Lateral  bracing  requirements 
are  specified  In  Section  3.3.6  of  Reference  1. 

Where  the  placement  of  lateral  bracing  Is  not 
possible,  as  In  the  case  of  the  building  columns, 
reductions  In  the  moment  capacities  of  members, 
unbraced  in  the  weak  direction,  must  be  effected 
in  order  to  account  for  the  effects  of  lateral 
torsional  buckling.  These  reductions  are  made 

on  the  basis  of  Equation  4.7  of  Reference  1 which 
Is  repeated  on  the  following  page. 
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» C1.07  - (Z/ry)^/262394]Mpx  < Mpx  (5a) 

% = [1.07  - (i/rx)^F^/262394]Mpy  < Mpy  (5b) 

where  = the  ultimate  bending  capacity 
In  the  absence  of  axial  load 

Mp  = the  design  plastic  bending  capacity 


Z = the  plastic  section  modulus 

F<jv  = the  dynamic  yield  stress.  In  the 
above  equations,  the  units  for  the 
dynamic  yield  stress  are  kilopascals. 

I ~ unbraced  length  of  the  member 

r = radius  of  gyration 

These  reduced  capacities  are  used  In  the  Interaction  formulas 
[fcq  (4.4)  and  (4.5)]  of  Reference  1. 

3.  The  member  : must  satisfy  the  overall  stability 
criteria  as  specified  by  the  maximum  allowable 
slenderness  ratio  (In  the  plane  of  bending) 
computed  according  to  Equation  4.1  of  Reference  1. 

The  overall  stability  criteria  must  be  satisfied 
for  both  axes  of  bending  when  a member  is  designed 
for  bl -axial  bending. 

4.  The  member  must  satisfy  the  local  stability 
criteria  specified  In  Section  3.3.4  of  Reference  1. 

These  criteria  are  expressed  in  terms  of  the 
following  quantities: 

a.  Limiting  width- thickness  ratios  for  the 
flanges  of  I-  and  W-shapes  (and  similar 
built-up  single-web  shapes)  that  are  sub- 
jected to  compression  involving  plastic 
hinge  rotation.  To  facilitate  the  utiliza- 
tion of  the  SI  System  of  Units,  these  cri- 
teria are  reproduced  in  Table  5 with  the 
appropriate  quantities  expressed  In  SI  units. 
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b.  Limiting  values  (as  given  by  Equations  3.12 
and  3.13  of  Reference  1)  of  the  depth- 
thickness  ratios  for  the  webs  of  members 
subjected  to  plastic  bending. 

Based  on  experience  with  DYNFA,  It  has  been  determined  that 
considerations  related  to  the  simultaneous  effects  of  axial  loads 
and  bl-axlal  bending  can  be  eliminated  from  the  preliminary  de- 
sign. Hence,  some  portions  of  the  above  criteria  can  be  simpli- 
fied for  the  preliminary  sizing  of  the  frame  members.  First,  the 
Interaction  formulas  of  Reference  1 (Item  1 above)  can  be  replaced 
with  the  simplified  equations  given  below: 


('VWxi'-1 

(6a) 

<WVy5'-> 

(6b) 

The  design  of  members  subjected  to  bending  about  one  axis  Is 
governed  by  the  uni-axial  bending  equation  given  below: 

("pVWil'1  (7) 

where  the  subscript  n refers  to  the  axis  of  bending  of  the  member. 

The  design  requirements  specified  in  Items  2 and  3 above  re- 
main unchanged  and  should  be  applied  as  described  In  Reference  1. 
The  design  requirements  referred  to  In  Item  4 also  remain  un- 
changed; however,  the  equations  given  In  Reference  1 (Equations 
3.12  and  3.13)  which  govern  the  minimum  depth-thickness  ratios 
of  the  webs  of  members  subjected  to  plastic  bending,  are  replaced 
by  the  following  equation: 

d/t^  < 29,060^  (8) 

Here,  Fy  is  specified  In  kilopascals,  d is  the  total  depth  of  the 
member  and  Is  the  web  thickness. 
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SECTION  3 


BASIS  OF  DYNFA  FRAME  ANALYSIS 


3.1  Introduction 


This  section  presents  the  analytical  techniques  utilized  by 
DYNFA  to  perform  rigorous  dynamic  analyses  of  frame  structures 
subjected  to  the  blast  loads  from  a high  explosive  detonation. 

The  presentation  here  Is  primarily  Intended  to  provide  facility 
designers  with  background  material  which  describes  the  basis  of 
the  dynamic  analysis  as  performed  by  DYNFA.  As  sucn,  a complete 
understanding  of  most  of  this  material,  while  desirable.  Is  not 
mandatory  for  using  DYNFA.  However,  It  Is  necessary  that  the 
concept  of  the  analytical  model,  as  described  In  this  section,  be 
fully  understood,  as  It  provides  the  basis  for  the  material  re- 
lated to  the  use  of  DYNFA. 

The  response  of  a frame  to  the  blast  loads  Is  computed  using 
an  approach  which  couples  a lumped  parameter  representation  of  the 
structure  with  a numerical  computation  procedure  In  which  the  equa- 
tions of  motion  of  the  system  are  Integrated  directly  using  the 
linear  acceleration  method.  Inelastic  behavior  of  Individual  mem- 
bers Is  Introduced  Into  the  analysis  by  the  formation  of  concen- 
trated plastic  hinges  whenever  the  combined  axial  load  and  bending 
moment  capacity  of  a section  are  reached.  The  results  of  the  anal- 
ysis consist  of  the  deformations  of  the  structure  and  the  axial 
loads,  bending  moments  and  shears  In  each  of  the  members.  End 
rotations  of  each  member  are  computed  and  utilized  to  monitor  the 
amount  of  plastic  deformation  occurring  In  the  structure.  The 
DYNFA  computer  program  Implements  this  analytical  procedure.  The 
details  of  the  mathematical  techniques  utilized  in  the  DYNFA 
analysis  are  provided  In  Appendix  C. 

A static  analysis  routine  was  Incorporated  Into  DYNFA  In 
order  to  determine  the  Initial  conditions  of  the  structure  under 
the  effects  of  dead  and  live  loads.  Normally,  In  single-story 
frame  buildings,  the  magnitudes  of  the  dead  and  live  loads  are 
usually  small  compared  to  the  magnitude  of  the  blast  load.  In 
multi -story  structures,  however,  the  dead  and  live  loads  could  be 
significant. 

3.2  Analytical  Model 

The  essential  step  required  for  the  rigorous  dynamic  analysis 
Is  the  formulation  of  an  analytical  model  of  the  structure.  The 
model  utilized  to  compute  the  response  of  frame  structures  subjected 
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to  blast  loads  must  satisfy  three  basic  requirements.  First,  It 
must  accurately  reflect  the  configuration  of  the  structure  under 
consideration.  Next,  the  elastic  and  Inelastic  behavior  of  the 
structure  must  be  duplicated  In  the  model.  Third,  the  distribution 
of  the  mass  of  the  structure,  as  well  as  the  loads  applied  to  it, 
must  be  reproduced  In  the  model  such  that  all  of  the  desired  re- 
sponses are  obtained  In  the  analysis.  Of  equal  importance  Is  the 
requirement  that  the  modeling  technique  employed  In  the  analysis 
reduces  the  problem  to  a simpler  form  which  readily  lends  Itself 
to  a solution. 

In  order  to  satisfy  all  of  these  requirements,  the  lumped 
parameter  method  for  modeling  complex  structures  Is  utilized  In 
the  analysis.  This  method  greatly  simplifies  the  analysis  but 
still  retains  the  capability  for  an  accurate  determination  of  the 
desired  structural  responses.  For  the  problem  at  hand,  the  de- 
sired responses  consist  of  the  overall  sidesway  response  of  the 
frame  and  the  Individual  responses  of  the  exterior  members  of  the 
frame . 

The  lumped  parameter  method  enjoys  extensive  use  in  a wide 
range  of  applications  throughout  the  industry.  The  principal  rea- 
son for  this  Is  the  ease  with  which  It  can  be  Interfaced  with  high 
speed  computers  to  obtain  a solution.  A lumped  parameter  model 
of  a structure  consists  of  an  assemblage  of  massless  structural 
elements  Interconnected  at  nodal  points.  An  example  of  a typical 
model  Is  shown  in  Figure  7.  The  mass  of  the  structure,  as  well 
as  the  applied  loads,  are  assumed  to  be  concentrated  at  selected 
nodal  points  which  are  referred  to  as  "mass  points".  Rotary 
Inertia  Is  not  Included  In  the  analysis. 

As  discussed  In  Section  1,  each  frame  of  the  building  Is 
analyzed  Individually  using  a two-dimensional  representation  of 
the  structural  system.  In  a two-dimensional  model , the  structure 
Is  limited  to  motions  In  one  plane  and  therefore  each  nodal  point 
has  three  degrees  of  freedom;  namely,  horizontal  translation  (0^), 
vertical  translation  (Dy),  and  rotation  (e).  These  quantities  are 
illustrated  in  Figure  7. 

In  the  model.,  an  Individual  member  of  the  frame  is  represented 
by  one  or  more  structural  elements,  depending  upon  the  detail  re- 
quired. The  structural  element  is  capable  of  transmitting  axial 
loads  as  well  as  shears  and  bending  moments. 

3.3  Inelastic  Behavior  of  Frame  Members 

The  inelastic  behavior  of  the  frame  members  Is  treated  in 
the  analysis  by: 
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1.  Specifying  the  behavior  of  a member  In  the  Inelastic 
response  range  by  defining  the  element's  response 
(axial  loads  and  bending  moments)  In  terms  of  the 
element's  elastic  and  plastic  deformations.  With  the 
element  behavior  specified,  an  analytical  technique 
Is  developed  to  simulate  the  desired  Inelastic  be- 
havior In  the  analysis. 

2.  An  Interaction  equation  which  establishes  the  point 

at  which  Inelastic  behavior  commences  for  each  element. 

3.  An  analytical  method  which  acconmodates  the  variations 
In  the  stiffness  properties  of  the  structural  system 
that  result  from  the  Inelastic  behavior  of  the  members. 

Items  1 and  2 are  discussed  In  this  section  and  Item  3 Is 
covered  In  the  discussion  pertaining  to  the  formulation  of  the 
system  stiffness  matrix  (Section  3.4). 

Specification  and  Simulation  of  Inelastic  Behavior  of  Frame 
Members 


The  specification  of  the  inelastic  behavior  of  the  frame 
members  Is  based  on  the  assumption  that  a fully  plastic  section 
offers  no  additional  resistance  to  the  load  (Ref  6).  Hence,  the 
desired  behavior  of  the  elements  Is  represented  by  the  bilinear 
hysteresis  loop  shown  In  Figure  8.  The  figure  depicts  the  bend- 
ing moment  versus  end  rotation  relationship  (In  the  absence  of 
axial  load)  for  a typical  element.  A similar  relationship  exists 
between  the  axial  load  and  axial  deformations.  The  portion  of  the 
loop  between  points  A and  B represents  the  elastic  behavior  of  the 
element  when  Initially  loaded.  Once  point  B is  reached,  yielding 
of  the  element  commences  (plastic  hinge  forms)  and  continues  until 
a maximum  curvature  at  point  C is  reached.  From  point  C to 
point  D,  the  element  unloads.  The  linear  segment  of  the  loop  from 
C to  D (and  eventually  to  E)  has  the  same  slope  as  the  initial 
loading  segment  (from  A to  B).  The  portion  of  the  loop  below  the 
end  rotation  axis  represents  the  load  reversal  (or  rebound)  in  the 
element. 

In  single-degree-of- freedom  analyses  of  individual  members, 
the  behavior  described  above  can  be  readily  accommodated  by  simply 
adjusting  the  resistance  for  the  member  such  that  a constant 
moment,  and  therefore  a constant  resistance,  is  designated  when 
yielding  commences.  Ideally,  it  would  be  desirable  If  this  same 
procedure  could  be  made  applicable  to  the  multi -degree-of-f reedom 
analysis  of  a frame  structure  by  Introducing  plastic  hinges  at 
those  sections  in  the  structure  which  have  yielded.  However,  the 


use  of  this  procedure  may  result  In  the  formation  of  unstable  mem- 
bers and/or  substructures  within  the  structural  system.  Such 
effects  cannot  be  treated  analytically  as  they  produce  mathematical 
anomalies  In  the  solution.  In  order  to  avoid  these  problems,  an 
alternate  method  is  utilized  to  simulate  the  inelastic  behavior. 

The  nv.thod  consists  of  subdividing  the  element  stiffness  into  two 
components  which  are: 

1.  An  elastoplastic  component,  a.id 

2.  An  infinitely  elastic  component. 

Such  an  element  has  been  examined  in  References  7 through  9. 
The  two  components  act  In  parallel  and  the  total  stiffness  of  the 
elements  Is  the  surnnation  of  the  factored  stiffnesses  of  the  two 
components.  The  factors  applied  in  DYNFA  are  0.95  for  the  elasto- 
plastic component  and  0.05  for  the  elastic  component.  The  com- 
posite behavior  of  the  two  components  Is  illustrated  In  Figure  9a. 
where  the  behavior  shown  Is  similar  to  the  hysteresis  loop  of  Fig- 
ure 8 with  the  exception  chat  the  magnitude  of  the  moment  varies 
in  the  inelastic  portion.,  of  the  response  (Segments  B-C  and  E-F). 
The  individual  behavior  of  the  two  components  is  illustrated  in 
Figure  9b.  As  shown  in  the  figure,  the  stiffness  of  the  infinitely 
elastic  component,  kie,  remains  constant  throughout  the  response; 
while  the  stiffness  of  the  elastoplastic  component,  kpp,  depends 
upon  the  yield  condition  at  the  end  of  the  element.  From  point  A 
to  point  B In  Figure  9a,  the  total  stiffness  of  the  element,  kc, 
equals  the  sum  of  the  two  component  stiffnesses,  k-je  and  kep  (point 
a to  points  b and  b'.  Fig  9). 

As  yielding  commences  at  point  B (which  corresponds  to  points 
b and  b'  In  Fig  9b),  the  stiffness  of  the  elastoplastic  component 
becomes  zero  as  illustrated  by  line  be  (Fig  9b);  while  the  stiff- 
ness of  the  elastic  component  remains  constant  at  a value  of  0.05kc 
as  Illustrated  by  line  b'c'.  Hence,  the  total  stiffness  of  the 
element  reduces  to  a small  percentage  (0.05kc)  of  Its  actual  value, 
as  illustrated  by  line  B-C  In  Figure  9a.  Appendix  C contains  a 
table  of  equations  for  the  combined  element  stiffnesses  for  the 
various  yield  conditions  at  the  ends  of  an  element. 

Interaction  Equation 

In  blast-resistant  design,  structures  must  withstand  the  simul- 
taneous application  of  horizontal  and  vertical  loads  of  roughly 
equal  magnitude;  therefore,  the  members  of  the  structure  will  be 
subjected  to  significant  axial  loads  which  limit  their  ultimate 
bending  resistances.  In  addition,  the  axial  loads  will  be  time 
dependent  and,  for  a given  member,  this  time  dependency  will  not 
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be  related  to  the  transient  behavior  of  the  member  In  its  bending 
mode.  In  order  to  properly  account  for  the  axial  load/bending 
moment  Interaction  on  the  yielding  of  a member,  a two-dimerslonal 
yield  criterion  Is  utilized  to  define  Inelastic  action.  A member 
is  considered  to  have  yielded  at  a section  when  the  following 
relationship  has  been  satisfied: 

|p/pcl  + iK/iy  >i  (9) 

In  the  preceding  equation,  the  values  of  P and  M are  the  ap- 
plied axial  load  and  bending  moment,  respectively*,  while  Pc  and 
are  equal  to  the  axial  load  and  bending  moment  capacity,  re- 
spectively. Pc  Is  equal  to  either  the  axial  load  at  yielding 
(Pp)  when  the  member  is  in  tension  or  the  ultimate  buckling  load 
(Pu)  when  the  member  is  in  compression.  The  bending  moment  and 
axial  load  capacities  are  computed  on  the  basis  of  the  criteria 
specified  in  Chapter  4 of  Reference  1 and  reproduced  in  Section  4 
of  this  report. 

In  the  inelastic  response  range,  the  axial  loads  and  bendinq 
moments  of  the  modeling  elements  vary  as  illustrated  in  Figure  10. 
The  occurrence  of  these  variations  stems  from  the  utilization  of 
the  two-component  approximation  to  the  element  behavior  as  des- 
cribed in  the  preceding  section.  Because  of  this,  the  peak  plastic 
deformations  may  not  be  readily  discerned  from  the  time  history 
of  what  may  be  considered  a significant  response  parameter,  such 
as  the  element  bending  moment  or  end  rotation.  Therefore,  an 
algorithm  is  required  to  perform  the  following  operations,  namely: 
(1)  to  determine  the  maximum  plastic  deformations  occurring  at 
the  yielded  end  of  an  element  and,  in  conjunction  with  this,  (2) 
to  detect  the  point  at  which  the  element  commences  to  unload 
elastically.  The  occurrence  of  these  events  is  detected  in  the 
analysis  with  the  use  of  the  following  relationship: 


P?(p2  ~ P!>  + 
IP?  (pc> 


M2(M2  - M-) ) 

Ipv) 


< 0 


(10) 


The  maximum  plastic  deformation  at  the  yielded  end  of  an  element 
Is  assumed  to  have  occurred  when  the  above  relationship  Is  satis- 
fied. The  parameters  P,  M,  Pc  and  in  Equation  (10)  are  defined 
in  the  preceding  paragraphs.  The  subscripts  1 and  2 refer  to  the 
values  of  the  parameters  at  two  successive  time  stations  In  the 
response  of  the  structure. 

The  above  equation  is  utilized  in  the  following  manner.  In 
the  inelastic  range,  the  element  axial  load  and  bending  moment 
continue  to  increase  at  a relatively  slow  pace  until  a maximum 
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plastic  deformation  Is  attained.  After  this  occurs,  the  element 
axial  load/moment  will  decrease  producing  negative  values  for 
one  or  both  of  the  ratios  In  Equation  10.  When  the  sum  of  the 
two  ratios  becomes  a negative  quantity,  the  element  is  considered 
to  rebound  elastically. 


3.4  Equation  of  Motion  of  System 

The  general  equations  of  motion  of  the  system  are: 
[M]{u>  + [C]{u>  * [KHu}  = { F( t) > (11) 


where 


(u) , {u},  fu)  = displacements,  velocities  and 

accelerations  of  the  nodal  points 
of  the  analytical  model 


[M]  = mass  matrix  of  the  system 

[C]  = damping  matrix  of  the  system 

[K]  = stiffness  matrix  of  the  system 

(F(t)}  = matrix  of  the  transient  loads 
applied  to  the  system 


Mass  Matrix 

The  mass  matrix  consists  of  discrete  masses,  the  sum  of  which 
adds  up  to  the  total  mass  cf  the  structure.  These  discrete  masses 
are  concentrated  at  selected  nodal  points  In  a manner  which  Is  con- 
sistent with  the  actual  distribution  of  mass  In  the  structure.  A 
complete  discussion  of  the  techniques  employed  in  assigning  mass 
to  the  nodal  points  Is  provided  in  Section  4. 

Damping  Matrix 

The  damping  matrix  represents  the  Internal  energy  absorption 
properties  of  the  structure.  For  purposes  of  analysis,  the  damp- 
ing matrix  Is  usually  assumed  to  be  proportional  to  either  the 
stiffness  or  mass  matrices.  In  DYNFA,  the  damping  matrix  Is  taken 
as  proportional  to  the  mass  matrix. 

In  most  analyses  Involving  steel  structures,  damping  can  be 
neglected;  however,  provisions  were  made  In  DYNFA  for  Including 
this  effect  fcr  special  applications;  e.g.,  reinforced  concrete 
frames . 
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System  Stiffness  Matrix 


The  system  stiffness  matrix  is  an  array  of  coefficients  of 
the  unknown  displacements  in  a series  of  simultaneous  equations 
which  express  the  applied  loads  as  functions  of  the  deflections  of 
the  structure.  It  Is  generated  by  applying  conventional  methods 
of  matrix  structural  analysis  such  as  those  utilized  in  Reference 
11.  Briefly,  the  system  stiffness  matrix  is  composed  of  the 
stiffness  matrices  of  the  individual  elements  of  the  model.  For 
a beam  element  with  three  degrees  of  freedom  at  each  end,  the 
entries  in  the  element  stiffness  matrix  are  the  coefficients  of 
the  displacement  variables  in  six  simultaneous  equations  which 
relate  forces  and  moments  to  the  displacements  and  rotations  at 
the  ends  of  the  element.  Shear  deformations  are  not  included  in 
the  formulation.  The  system  stiffness  matrix  ^s  constructed  by 
superimposing,  in  their  proper  position  in  the  matrix  (according 
to  degree  of  freedom),  the  coefficients  of  the  element  stiffnesses 

In  the  analysis,  the  structure  is  assumed  to  respond  linearly 
during  a given  time  interval.  However,  the  coefficients  in  the 
system  stiffness  matrix  may  be  changed  from  one  interval  to  the 
next,  depending  upon  the  yield  con  Jons  at  the  ends  of  the  ele- 
ments. Therefore,  the  non-linear  response  Is  obtained  by  sequenc- 
ing the  linear  responses  of  the  system  (with  varying  stiffness 
coefficients)  at  successive  time  intervals. 

Matrix  of  Applied  Loads 

The  matrix  of  the  applied  loads  contains  the  time  history  of 
the  blast  loads  which  are  concentrated  at  the  mass  points  on  the 
exterior  members  of  the  structure.  Included  also  are  the  unbal- 
anced shears  caused  by  the  second  order  effects  which  occur  as 
the  structure  responds  to  the  blast  loads.  A description  of  these 
effects  is  provided  in  Section  3.5. 

Numerical  Sol ution 


The  solution  to  the  equations  of  motion  is  obtained  by  a step 
by-step  integration  procedure  (Ref  8)  in  which  the  acceleration 
during  a time  interval  is  assumed  to  vary  linearly. 

3.5  Second  Order  Effects 

Two  important  aspects  of  the  problem  which  have  been  incor- 
porated Into  the  analytical  procedure  and  computer  program  are: 
the  P-&  effect  on  the  overall  sldesway  response  of  the  frame,  and 
the  beam  columr  effects  on  the  responses  of  the  individual  members 
subjected  to  transverse  loads  between  their  supports. 


P-A  Effect 
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For  a rigid  frame  structure  subjected  tc  lateral  loads,  the 
vertical  loads  combine  with  the  sidesway  deflection  to  produce 
additional  bending  moments  In  the  members.  For  elastic  structures, 
the  deflections  are  relatively  small;  therefore,  this  effect, 
conmonly  called  "the  P-A  effect".  Is  generally  of  secondary  sig- 
nificance In  comparison  with  the  flexural  resistance  of  the  struc- 
tural members.  Inelastic  structures,  however,  may  undergo 
relatively  large  sidesway  deflections.  These  large  deflections 
combined  with  the  large  vertical  loads  prevalent  In  blast  design, 
produce  bending  moments  which  must  be  considered  In  the  analysis. 
The  P-a  effect  Is  Included  In  the  analysis  primarily  because  of 
Its  Influence  on  the  sidesway  response  of  the  frame. 

Beam  Column  Effect 


When  a member  Is  subjected  to  both  transverse  and  axial  loads, 
the  axial  loads  combine  with  the  bending  deflections  to  produce 
additional  moments.  In  blast  design,  these  "second  order"  bending 
moments  cannot  be  neglected,  as  large  deflections  are  expected 
when  the  member  responds  to  the  transverse  load.  The  beam  column 
effect  is  considered  because  of  its  influence  on  the  Individual 
bending  responses  of  the  exterior  members  of  the  frame. 

Calculation  of  Second  Order  Effects 


A rigorous  treatment  of  *hese  second  order  effects  would  sig- 
nificantly increase  the  complexity  of  the  frame  analysis.  How- 
ever, both  of  these  effects  can  be  approximated  by  Introducing 
equivalent  shears  at  both  ends  of  each  element  (Ref  10),  These 
shears  form  a couple  which  is  equal  in  magnitude  but  opposite 
In  direction  to  the  secondary  moments  produced  by  the  axial  loads 
combined  with  the  differential  displacements  between  the  ends  of 
the  element.  Figure  11  illustrates  the  calculation  of  these 
equivalent  shears.  However,  it  should  be  noted  that  the  procedure 
depicted  In  this  figure  Is  a simplification  of  the  actual  compu- 
tation. The  figure  was  Included  for  illustrative  purposes  only. 
The  actual  computation  of  the  equivalent  shears,  together  with 
the  mathematics  Involved  In  Introducing  these  quantities  into  the 
matrix  of  the  applied  loads,  are  presented  in  Appendix  C. 


SECTION  4 


MODELING  TECHNIQUES 


4.1  Introduction 

The  Initial  task  in  the  analysis  is  the  formulation  of  the 
analytical  model  of  the  frame  under  consideration.  When  construc- 
ting the  model  of  the  structure,  the  basic  requirements  of  Section 

3.2  must  be  satisfied  in  order  to  achieve  the  desired  degree  of 
accuracy  and  detail  in  the  analysis. 

Briefly,  the  requirements  of  Section  3.2  dictate  that  the 
model  must  accurately  reflect  the  configuration,  stiffness  charac- 
teristics, and  mass  distribution  of  the  structure.  To  assist  fa- 
cility designers  In  the  preparation  of  analytical  models  which 
satisfy  these  requirements,  modeling  techniques  and  guidelines  are 
presented  In  this  section  and  In  Section  5.  The  discussion  Is 
directed  primarily  towards  the  preparation  of  lumped  parameter 
representations  of  frame  structures  for  use  in  their  analyses  with 
DYNFA. 

The  lumped  parameter  representation  of  a frame  structure  Is 
composed  of  the  following:  (1)  an  analytical  model  of  the  struc- 

ture consisting  of  an  assemblage  of  beam  elements  interconnected 
at  nodal  points,  (2)  a series  of  discrete  masses  assigned  to  se- 
lected nodal  points  In  the  model,  (3)  the  section  properties  (area, 
moment  of  Inertia)  and  capacities  (axial  load  capacities,  flexural 
capacity)  of  the  members  of  the  structure,  and  (4)  Idealizations 
of  the  transient  loadings  acting  on  the  structure.  The  discussion 
In  this  section  Is  directed  towards  the  pv'eparatlon  of  data  re- 
lated to  the  first  three  Items.  Procedures  for  generating  loading 
functions  for  the  analysis  are  presented  In  Section  5. 

4.2  Development  of  Model 
General 


The  systems  under  consideration  in  this  report  are  the  pri- 
mary structural  frames  of  rectangular  steel  buildings.  For  the 
analysis  to  produce  the  desired  response  quantities,  (namely,  dis- 
placements, member  end  rotations,  column  loads,  etc.),  the  model 
of  a frame  must  have  the  same  configuration  as  the  frame  Itself. 

As  shown  In  Figure  7,  the  actual  model  is  a line  diagram  of  the 
structure  under  consideration.  The  diagram  reflects  the  configura- 
tion of  the  structure  and  shows  the  placement  of  the  nodal  points 
in  the  model.  All  of  the  frame  members  are  included  In  the  model. 
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Models  of  braced  frames  Include  the  diagonal  braces  as  well  as 
the  columns  and  girders. 

In  the  model » the  members  of  the  frame  are  represented  by 
one  or  more  beam  elements.  The  section  properties  and  capacities 
of  the  beam  elements  are  Identical  to  those  of  the  frame  members. 
However,  as  depicted  in  Figure  7,  the  beam  elements  are  one- 
dimensional; that  is,  they  have  length  but  neither  width  nor  depth 
This  limitation  Is  generally  not  significant  in  analyses  of  steel 
frames,  as  the  length-to-depth  ratios  of  the  frame  members  are 
generally  quite  large. 

Since  the  modeling  elements  are  one-dimensional,  all  of  the 
significant  dimensions  (length,  height,  locations  of  nodal  points, 
etc.)  in  the  model  must  be  related  to  the  longitudinal  axes  of  the 
frame  members,  which  are  located  at  the  centroids  of  their  cross- 
sections.  The  Intersection  of  two  members  is  generally  taken  as 
the  intersection  of  their  respective  longitudinal  axes. 

A basic  assumption  in  .ihe  analytical  formulation  of  DYNFA 
is  that  structural  continuity  exists  at  all  nodal  points  in  the 
model,  except  at  those  nodes  corresponding  to  support  points. 
However,  provision  is  made  in  DYNFA  for  modeling  structural  discon 
tinuities,  such  as  non-rigid  girder  to  column  connections.  Model- 
ing of  such  discontinuities  Is  accomplished  by  pinning  the  ends  of 
the  appropriate  elements  (see  Section  8.7).  This  provision  is 
useful  for  modeling  braced  frames,  where  the  ends  of  the  diagonal 
braces  are  assumed  to  be  pin-connected  to  the  frame.  Such  a con- 
dition is  modeled  by  pinning  both  ends  of  the  element  representing 
each  diagonal  brace. 

Scope  of  Model 

In  general,  the  model  used  to  compute  the  blast-induced 
response  of  frame  structures  includes  the  principal  components 
(girders,  columns  and  diagonal  braces)  of  the  main  frame  only. 
Except  for  their  mass  and  load  contribution,  the  secondary  framing 
members  of  the  roof  and  walls  are  not  Included  In  the  model. 

A basic  assumption  In  the  frame  analysis  is  that  the  motions 
of  the  concrete  foundation  on  the  supporting  soil  have  a negligibl 
effect  on  the  peak  responses  of  the  frame.  Based  on  this,  the 
foundation/soil  systems  are  excluded  from  the  model,  and  the  nodal 
points,  corresponding  to  the  column  foundation  connections,  are 
taken  as  completely  fixed  against  horizontal  and  vertical  transla- 
tion. If  these  connections  are  capable  of  transmitting  moments, 
the  rotations  of  the  column  base  nodal  points  are  also  fixed.  A 
model  such  as  this  produces  a conservative  estimate  of  the  frame's 
response. 


32 


To  justify  the  exclusion  of  the  foundatlon/soll  systems,  the 
foundation  must  have  sufficient  mass  to  react  to  the  dynamic  loads 
transmitted  to  the  base  of  the  frame.  A foundation  mass  exceeding 
twice  the  mass  of  the  steel  superstructure  will  suffice  for  the 
task  at  hand.  When  an  Insufficiency  of  foundation  mass  exists,  a 
significant  Interaction  may  occur  between  the  sldesway  response  of 
the  frame  and  the  rigid  body  response  of  the  combined  steel 
superstructure/ foundation  system.  Since  this  Interaction  may 
appreciably  reduce  the  frame  response.  It  is  advisable  In  these 
situations  to  extend  the  model  such  that  the  responses  of  the 
foundation/soil  systems  are  Included  In  the  analysis.*  Figure  12 
Illustrates  this  modeling  extension.  The  model  contains  elements 
representing  both  the  foundation  and  the  soil  system.  Not  shown, 
however,  are  the  discrete  masses  concentrated  at  selected  nodal 
points  on  the  foundation.  Only  the  foundation  mass  is  distributed 
among  these  nodal  points.  Soil  mass  is  not  Included  in  the  model. 
The  reader  Is  referred  to  Sections  5-7  and  5-8  of  Reference  3 for 
guidance  In  computing  the  elastic  properties  of  concrete  founda- 
tions. Procedures  and  data  for  computing  the  stiffness  properties 
of  the  soil  are  provided  In  Section  4 of  Reference  12. 

In  some  cases,  additional  supporting  systems  may  be  integral 
with  the  main  framing.  A typical  example  of  this  situation  is 
shewn  in  Figure  13.  In  this  structure,  the  main  frames  are  lat- 
erally supported  by  a massive  concrete  wall . The  degree  of  support 
provided  Is  determined  by  comparing  the  lateral  stiffness  of  the 
wall  with  that  of  the  frame.  A wall  whose  lateral  stiffness  Is  at 
least  ten  times  that  of  the  frame  is  simulated  analytically  by 
retraining  the  nodal  point  at  the  glrder-to-wall  connection.  On 
the  other  hand,  a relatively  flexible  wall  may  have  to  be  Included 
*>•  the  mp'*  1 as  Its  response  would  affect  the  frame  response. 

PI acement  of  Nodal  Points  In  the  Model 


Nodal  points  are  usually  positioned  in  the  model  at  the  fol- 
lowing locations: 

1.  The  intersection  of  two  or  more  frame  members 

or  the  connections  of  frame  members  to  a supporting 
structure  (such  as  the  foundation). 

2.  * tamxK  ue  points  on  the  exterior  members  to 
accominoate  mass  points. 

3.  Intermediate  points  on  exterior  members,  other  than 
mass  points,  where  additional  response  information 
(deflect'*  ~ , bending  moments,  etc.)  are  required. 
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4.  Intermediate  points  on  members  with  gradual  or 
abrupt  variations  In  shape,  or  at  the  locations 
of  structural  discontinuities. 

The  first  Item  requires  no  explanation,  while  the  other  three  are 
discussed  below. 

Intermediate  Nodal  Points  on  Exterior  Members 

A structure  has.  In  reality,  an  infinite  number  of  normal 
modes  of  vibration  (Ref  13)  because  of  the  uniform  distribution 
of  the  structural  mass  along  the  Individual  members.  In  a frame 
analysis,  however,  the  mass  of  the  structure  Is  concentrated  at 
specified  nodal  points  In  the  model  (commonly  referred  to  as  "mass 
points").  Consequently,  the  model  has  a limited  number  of  the 
structure's  normal  modes  of  vibration.  The  nature  of  these  normal 
modes  of  vibration  that  are  reproduced  In  the  model  is  determined 
by  the  manner  In  which  the  mass  Is  distributed  among  the  mass 
points.  The  Inclusion  of  specific  modes  In  the  model  is  dictated 
by  the  nature  of  the  structural  response  to  the  applied  loads. 

Under  the  action  of  the  blast,  the  frame  responds  to  the  horizontal 
blast  loads  in  a sldesway  mode.  At  the  same  time,  the  frame  re- 
sponds In  a series  of  local  bending  modes  due  to  the  transverse 
loads  acting  directly  on  the  exterior  members.  These  local  bend- 
ing modes  are  often  characterized  by  pronounced  bending  of  only 
one  or  two  exterior  members.  In  most  cases,  the  primary  response 
of  an  exterior  member  occurs  in  one  of  these  local  modes. 

The  fundamental  sldesway  mode  of  the  frame  can  be  produced  by 
concentrating  (also  referred  to  as  "lumping")  all  of  the  mass  of 
the  structure  at  the  girder/col  turn  intersections.  The  modeling 
detail  required  to  accomplish  this  Is  illustrated  in  Figure  14a. 
However,  such  a model  lacks  sufficient  detail  to  produce  the  in- 
dividual bending  responses  of  the  exterior  members.  To  develop 
these  responses,  the  distribution  of  mass  in  the  model  must  be 
refined  by  lumping  a portion  of  the  structural  mass  at  intermediate 
points  on  the  exterior  members.  To  accommodate  this  refinement, 
intermediate  nodal  points  are  generally  placed  along  the  exterior 
members,  as  shown  In  Figure  14b.  In  general,  multiple  Intermediate 
mass  points  are  utilized  as  a more  accurate  representation  of  the 
local  bending  modes  of  the  frame  will  be  reproduced  in  the  model. 
The  number  of  such  points  utilized  depends,  to  some  extent,  on  tne 
secondary  framing  of  the  exterior  surfaces.  When  the  secondary 
members  of  a given  exterior  surface  (wall  or  roof)  are  parallel 
to  the  frame,  use  three  intermediate  mass  points  within  the  span 
of  each  frame  member  supporting  the  surface.  Locate  these  mass 
points  at  equal  intervals  along  each  member.  In  cases  where  the 
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secondary  members  are  positioned  normal  to  the  frame*  use  either 
one  of  the  following  procedures: 

1 . When  three  or  less  secondary  members  are  supported 
within  the  span  of  a frame  member,  locate  the  Inter- 
mediate mass  points  at  the  connections  of  the 
secondary  members  to  the  frame  proper. 

2.  When  more  than  three  secondary  members  are  supported 
within  the  span  of  a frame  member,  locate  three 
Intermediate  mass  points  at  equal  Intervals  along 
the  member. 

The  utilization  of  two  or  three  intermediate  mass  points  on  a 
member  is  sufficient  to  achieve  the  desired  accuracy  In  the  anal- 
ysis. A greater  number  will  greatly  Increase  the  computer  costs 
without  significantly  Improving  the  accuracy  of  the  results.  It 
Is  also  recommended  that,  when  possible,  the  same  number  of  mass 
points  be  utilized  on  all  exterior  members  in  order  to  avoid  gross 
discontinuities  In  the  application  of  the  blast  loads  in  the 
analysis. 

Intermediate  Nodal  Points  Other  Than  Mass  Points 

In  same  cases,  additional  response  data  (displacements,  ro- 
tations, bending  moments,  etc.)  may  be  required  at  Intermediate 
locations  other  than  mass  points  on  both  interior  and  exterior 
members.  In  order  to  generate  this  data  In  the  analysis,  addi- 
tional nodal  points  are  placed  at  the  locations  In  the  model  where 
these  data  are  required.  Additional  nodal  points  are  always  re- 
quired In  those  cases  where  there  are  no  intermediate  mass  points 
located  at  the  midspan  of  an  exterior  member.  In  such  cases,  the 
analysis  will  not  generate  data  regarding  the  member's  response 
at  the  midspan.  Such  data  are  required  in  order  to  produce  a 
better  approximation  of  the  beam  column  effects  in  the  analysis 
(see  Section  3.5),  as  well  as  to  ascertain  whether  the  deflections 
and  ductility  ratios  at  the  midspan  are  within  the  limits  speci- 
fied (Section  6)  for  the  frame  design;  hence,  a nodal  point  is 
required  and  should  be  placed  at  the  midspan  of  each  exterior 
member.  The  addition  of  this  nodal  point  In  no  way  Implies  that 
it  must  be  assigned  a concentrated  mass.  Such  a situation  occurs 
In  Example  A. 3 In  which  the  Intermediate  mass  points  on  the  ex- 
terior members  are  located  at  the  Intersections  of  the  secondary 
members  with  the  primary  frame  members. 

Members  with  Varying  Cross-Sections 

In  the  analysis,  the  section  properties  and  capacities  of 
the  elements  are  constant  over  their  entire  lengths.  Therefore, 
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members  with  varying  cross-sectional  properties  must  be  modeled 
with  several  elements  and  consequently,  nodal  points  must  be 
Inserted  between  the  ends  of  these  members. 

Two  examples  of  members  with  varying  cross-sectional  proper- 
ties are  Illustrated  In  Figure  15.  The  member  shown  In  Figure  15a 
has  a gradual  taper  and  Is  symmetric  about  its  centerline.  Hence, 
It  Is  modeled  with  four  elements  of  equal  length:  two  elements 
represent  each  half  of  the  member.  The  member  shown  in  Figure  15b 
has  an  abrupt  variation  In  shape  due  to  the  presence  of  the  haunch 
at  the  left  end,  and  a structural  discontinuity  caused  by  the  pin 
near  the  right  end.  In  this  case,  three  elements  of  unequal 
lengths  are  used  and  two  Intermediate  nodal  points  are  placed  at 
the  locations  of  the  discontinuities.  When  abrupt  discontinuities 
such  as  these  occur  on  exterior  members,  intennedlate  mass  points 
are  first  placed  at  equal  Intervals  along  the  span  In  order  to 
accommodate  the  desired  distribution  of  the  mass,  and  then  addi- 
tional nodal  points  are  placed  at  the  locations  of  the  continuities. 
Hence,  If  three  equally  spaced  Intermediate  mass  points  were  de- 
sired on  a member  with  two  abrupt  discontinuities,  such  as  those 
shown  In  Figure  15b,  a total  of  five  intermediate  nodal  points 
would  be  placed  in  the  span  of  the  member:  three  to  accommodate 
the  mass  points  and  two  for  the  discontinuities. 

4.3  Distribution  of  Structural  Hass  In  Model 


General 


With  the  model  completely  defined  In  terms  of  beam  elements 
and  nodal  points,  the  data  preparation  proceeds  with  the  distribu- 
tion of  the  mass  among  the  nodal  points  of  the  model . Before  the 
mass  can  be  distributed,  however,  the  locations  of  the  dynamic 
degrees  of  freedom  must  be  specified  for  the  model . 

Designation  of  Dynamic  Degrees  of  Freedom 

When  the  frame  responds  to  the  blast  loads,  horizontal  and 
vertical  Inertial  forces  are  developed  by  the  accelerating  mass 
of  the  structure.  In  order  to  reproduce  these  forces  In  the 
dynamic  analysis,  each  discrete  mass  of  the  model  must,  be  assigned 
a degree  of  freedom  (either  horizontal  or  vertical)  as  well  as  a 
magnitude.  Therefore,  two  sets  of  discrete  masses  are  required: 
one  for  the  horizontal  degrees  of  freedom  and  one  for  the  vertical 
degrees  of  freedom. 

In  the  model,  two  distinct  masses  can  be  lumped  at  each  mass 
point.  Each  lumped  mass  is  associated  with  one  of  the  transla- 
tional degrees  of  freedom  of  the  mass  point.  Degrees  of  freedom 
with  assigned  masses  are  generally  referred  to  as  "dynamic  or 
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Independent  degrees  of  freedom";  whereas,  those  without  mass  are 
known  as  "dependent  degrees  of  freedom". 

The  designation  of  the  dynamic  degrees  of  freedom  for  the 
model  Is  governed  by  the  nature  of  the  desired  responses.  To 
develop  the  primary  sldesway  response  of  the  frame,  each  nodal 
point  corresponding  to  a glder/column  Intersection  Is  assigned 
horizontal  and  vertical  dynamic  degrees  of  freedom.  In  gabled 
frames,  the  nodal  point  at  the  peak  in  the  roof  Is  also  assigned 
a pair  of  dynamic  degrees  of  freedom. 

Intermediate  mass  points  on  exterior  members  are  allotted 
one  dynamic  degree  of  freedom.  The  direction  of  these  degrees 
of  freedom  is  always  normal  to  the  longitudinal  axis  of  the 
member.  On  Inclined  members,  with  slopes  exceeding  ten  degrees, 
each  intermediate  mass  point  is  assigned  two  dynamic  degrees  of 
freedom. 

The  responses  of  the  higher  order  extenslonal  modes  of  the 
frame  members  should  not  be  Included  In  the  analysis  as  they 
have  a negligible  effect  on  the  frame  response.  These  modes  are 
developed  by  Including  Intermediate  dynamic  degrees  of  freedom 
parallel  to  the  longitudinal  axes  of  the  members.  The  Inclusion 
of  these  dynamic  degrees  of  freedom,  although  simplifying  the 
mass  distribution  for  the  model,  adds  significantly  to  the  computer 
costs  incurred  and  could  possibly  cause  numerical  Inaccuracies  In 
the  analysis. 

Figure  16  shows  the  distribution  of  the  dynamic  degrees  of 
freedom  for  two  typical  frame  models,  where  the  directions  of  the 
dynamic  degrees  of  freedom  are  represented  by  arrows. 

Computation  of  Nodal  Masses 

As  discussed  In  Section  1,  each  frame  is  assumed  to  support 
a tributary  strip  of  the  building.  In  the  analysis,  the  struc- 
tural mass  within  this  strip  is  distributed  among  the  mass  points 
of  the  model.  Live  loads  are  generally  not  Included  in  the  mass 
computation. 

The  computation  of  the  nodal  masses  Is  accomplished  in  three 
stages.  The  first  stage  Involves  computing  the  masses  of  Indi- 
vidual panels  of  the  walls,  roof  or  intermediate  floors  (If  any) 
within  the  tributary  strip.  For  this  computation,  a wall  pane^ 
is  defined  as  the  area  between  successive  floor  levels;  whereat 
floor  or  roof  panel  is  defined  by  the  area  between  successive 
columns  of  the  frame.  In  general,  the  mass  of  a panel  comprises 
the  mass  of  the  following  structural  components  within  the  pcnel : 
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the  decking  or  siding,  the  secondary  members  and  the  primary  frame 
member.  The  mass  of  the  secondary  framing  Is  not  Included  as  part 
of  the  panel  mass  In  cases  Involving  a coarse  secondary  framing 
consisting  of  three  or  less  members  positioned  normal  to  the  frame. 
Instead,  the  mass  of  each  secondary  member  Is  concentrated  at  the 
mass  point  on  the  model  corresponding  to  Its  Intersection  with 
the  frame.  The  masses  of  primary  transverse  framing  members  are 
also  not  Included  as  part  of  the  panel  mass;  instead,  they  are 
concentrated  at  the  mass  points  on  the  model  corresponding  to  the 
intersections  of  orthogonal  frames  with  the  frame  being  analyzed. 

In  the  second  stage,  the  mass  of  each  panel  Is  distributed 
as  concentrated  masses  among  the  dynamic  degrees  of  freedom  on 
the  primary  frame  member  within  the  panel.  General  expressions 
for  computing  the  values  of  the  concentrated  masses  are  provided 
In  Figure  17  for  wall  panels,  and  Figure  19  for  roof  and  floor 
panels.  The  parameters  utilized  In  Figures  17  and  19  for  comput- 
ing the  concentrated  masses  are  illustrated  in  Figures  18  and  20, 
respectively. 

As  shown  in  Figures  17  and  19,  two  different  distributions  of 
the  panel  mass  are  given:  one  for  dynamic  degrees  of  freedom  In 
the  plane  of  the  panel  and  another  for  those  normal  to  the  panel. 
The  In-plane  mass  distribution  is  accomplished  by  equally  dividing 
the  panel  mass  among  the  in-plane  dynamic  degrees  of  freedom  on 
the  frame  member.  Based  on  the  discussion  of  the  previous  sec- 
tion, two  dynamic  degrees  of  freedom  are  provided  in  the  plane  of 
the  frame  member,  with  each  one  placed  at  the  member  end.  Hence, 
the  distribution  consists  of  simply  concentrating  one  half  of  the 
panel  mass  at  each  end  of  the  member. 

The  distribution  of  the  panel  mass  among  the  dynamic  degrees 
of  freedom  normal  to  the  frame  member  Is  a more  Involved  process. 

To  accomplish  this  task,  consideration  must  be  given  to  the  load 
paths  followed  In  the  transfer  of  normally  directed  forces  from 
the  secondary  members  of  the  panel  to  the  frame  proper.  As  the 
secondary  framing  plan  establishes  these  load  paths,  the  mass 
distribution  is  dependent  upon  the  framing  plan  within  the  panel, 
as  well  as  the  number  of  dynamic  degrees  of  freedom  normal  to  the 
frame  member.  The  expressions  provided  in  the  tables  are  based 
on  these  two  considerations.  It  should  be  noted  that  these  ex- 
pressions are  also  based  on  the  premise  that  the  intermediate  mass 
points  are  equally  spaced  along  the  member;  consequently,  when  the 
mass  points  are  unequally  spaced,  the  equations  in  Figures  17  and 
19  are  not  directly  applicable.  However,  they  may  still  be  ap- 
plied by  using  the  techniques  described  in  the  discussion  further 
on  in  this  section. 
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Referring  to  Figures  17  and  19  and  to  the  corresponding  fig- 
ures (Figures  18  and  20),  when  the  secondary  framing  is  parallel 
to  the  main  frame,  only  a small  portion  of  the  total  panel  mass 
Is  distributed  among  the  normally  directed  dynamic  degrees  of 
freedom  at  the  Intermediate  mass  points;  the  remaining  panel  mass 
Is  concentrated  at  the  ends  of  the  member.  On  the  other  hand, 
when  the  secondary  framing  Is  perpendicular  to  the  main  frame, 
the  bulk  of  the  total  panel  mass  Is  distributed  among  the  Inter- 
mediate mass  points. 

In  some  cases,  the  expressions  provided  In  Figures  17  and  19 
may  not  be  directly  applicable  for  distributing  the  panel  mass. 

One  such  case  occurs  when  one  end  of  an  exterior  frame  member  is 
a support  point,  as  In  the  case  of  an  exterior  column  of  a single- 
story structure.  To  apply  the  data  in  Figures  17  or  19  In  such  a 
situation,  consider  the  support  node  as  a mass  point  and  consider 
each  restrained  degree  of  freedom  (degree  of  freedom  restrained 
from  moving)  as  a dynamic  degree  cf  freedom.  Distribute  the  mass 
of  the  panel  using  the  equations  in  Figures  17  or  19  and  discard 
the  masses  assigned  to  the  support  node.  In  many  cases,  the 
framing  plan  within  a panel  will  not  correspond  exactly  to  one 
of  those  shown  in  Figures  18  and  20.  Nevertheless,  the  tabulated 
expressions  of  Figures  17  and  19  can  still  be  applied.  For  ex- 
ample, if  different  framing  plans  are  utilized  on  either  side  of 
the  frame  centerline,  consider  the  panel  as  consisting  of  two 
subpanels  whose  longitudinal  boundary  is  the  frame  member  itself, 
and  apply  the  appropriate  expressions  of  Figure  17  or  19  to  dis- 
tribute the  mass  of  each  subpanel  (note  that  the  mass  of  each  sub- 
panel should  include  only  one  half  the  mass  of  the  frame  member). 

A similar  situation  occurs  when  the  secondary  framing  within  a 
panel  contains  a relatively  large  transverse  member  which  trans- 
fers a major  portion  of  the  total  panel  load  to  the  frame  proper. 
Since  the  panel  Is  essentially  subdivided  by  the  member,  it  can 
be  considered  as  two  subpanels  whose  common  boundary  is  the  trans- 
verse member  for  the  purpose  of  computing  the  masses.  Therefore, 
the  mass  of  each  subpanel  c jj/i  be  distributed  using  the  equations 
of  Figures  17  and  19.  Thejftame  technique  can  be  utilized  when  the 
Intermediate  mass  points  a unequally  spaced  along  a member  due 
to  the  unequal  spacing  of  v;condary  framing  members  within  the 
panel.  In  this  case,  the  p^nel  Is  subdivided  into  several  sub- 
panels and  the  length  of  each  subpanel  Is  defined  by  the  length 
of  the  frame  member  between  successive  mass  points.  Thus,  the 
mass  of  the  entire  panel -can  be  distributeu  by  apportioning  the 
mass  of  each  subpanel  Recording  to  the  equations  in  Figures  17 
and  19.  XA 

When  analyzing  anx*d  frame,  a portion  of  the  mass  of  the 
end  wall  structure  should  be  included  in  the  mass  associated  with 
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the  model  of  the  frame.  The  procedures  for  accomplishing  this  are 
as  follows: 

1<  When  the  girts  on  the  end  wall  are  positioned 
vertically,  consider  one  half  of  the  wall  to 
be  rotated  upward  90  degrees,  thereby  becoming 
an  extension  of  the  roof,  as  shown  In  Figure  21. 

Thus,  the  mass  of  this  portion  of  the  side  wall 
Is  taken  as  part  of  the  roof  mass. 

2.  When  the  girts  of  the  end  wall  are  positioned 
horizontally,  consider  the  side  wall  to  be 
partitioned  as  shown  in  Figure  22b  and  each 
such  partition  to  be  rotated  90  degrees, 
thereby  forming  extensions  to  the  blastward  and 
leeward  walls,  and  adding  a fictitious  interior 
wall.  The  mass  of  these  wall  extensions  are 
then  included  as  part  of  the  wall  mass.  The 
fictitious  interior  wall  is  considered  as  a 
separate  wall  panel  and  its  mass  is  distributed 
using  the  appropriate  equations  of  Figure  17. 

The  third  stage  of  the  mass  computation  consists  of  preparing 
a tabulation  of  the  concentrated  masses  assigned  to  each  mass 
point  of  the  model..  The  following  general  guidelines  are  to  be 
followed  when  preparing  this  tabulation: 

1.  The  masses  of  interior  columns  or  walls  are 
divided  equally  among  the  mass  points  at  the 
ends  of  the  members . 

2.  Several  masses  assigned  to  one  mass  point 

are  added  to  yield  the  total  mass  concentrated 
at  the  mays  point.  For  mass  points  with  two 
dynamic  degrees  of  freedom,  two  summations  are 
required:  one  for  each  dynamic  degree  of  free- 

dom at  the  nodal  point. 

4.4  Cross-Sectional  Properties  and  Capacities  of  the  Frame 

Members 


General 

In  order  to  simulate  the  elastic  and  Inelastic  behavior  of 
the  frame,  certain  physical  propert.es  and  capacities  of  the 
frame  members  are  assigned  to  the  elements  of  the  model.  The 
assigned  quantities  are: 
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1.  Cross-sectional  area 

2.  Moment  of  Inertia  about  an  axis  normal  to 
the  plane  of  the  frame 

3.  Ultimate  dynamic  load  capacity  In  axial  tension 

4.  Ultimate  dynamic  load  capacity  in  axial  compression 

5.  Ultimate  bending  capacity  in  the  absence  of 
axial  load. 

In  most  of  the  structures  encountered,  standard  steel  shapes  are 
utilized.  Sufficient  information  is  available  in  Reference  14  to 
determine  the  physical  properties  and  capacities  listed  above. 

Tapered  members  are  generally  modeled  with  several  elements 
of  equal  length  and  the  physical  properties  of  each  such  element 
are  computed  at  the  midpoint  of  the  corresponding  segment  of  the 
member.  For  the  pin-connected  tension  braces  of  diagonally-braced 
frames,  assigned  values  of  zero  for  the  moment  of  inertia  (Item  2) 
and  the  ultimate  bending  capacity  (Item  5)  are  used  in  the  anal- 
ysis; and  a fictitiously  small  value  is  used  for  the  ultimate 
compressive  capacity  (Item  4). 

Dynamic  Tensile  Strength 

In  order  to  detemlne  the  ultimate  capacities  of  the  frame 
members,  the  appropriate  dynamic  yield  stress  for  the  material 
must  be  specified.  Generally,  the  dynamic  yield  stress  is  taken 
as: 

Fdy  = cFy  (12) 

where  Fdy  = dynamic  yield  stress  of  material 

Fy  = static  yield  stress  of  material 
c = the  dynamic  increase  factor 

The  dynamic  increase  occurs  because  of  the  rapid  rate  of  strain 
experienced  by  the  material  due  to  the  sudden  onset  of  the  blast 
load.  Table  2.1  of  Reference  1 contains  reconmended  values  of 
the  dynamic  increase  factor  for  most  applications  involving  struc- 
tural steel  members. 
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Ultimate  Tensile  Capacity 


The  ultimate  dynamic  load  capacity  In  axial  tension  Is  com- 
puted as  follows: 


pp  ■ V 


03) 


where 


Pp  - ultimate  tensile  load  capacity  of  the  member 
A = cross-sectional  area  of  the  member. 


Ultimate  Compressive  Capacity 

The  ultimate  dynamic  load  capacity  In  axial  compression  Is 
computed  with  the  following  equation: 

Pu  = 1.7FaA  (14) 

where  Pu  * the  ultimate  compressive  load  capacity 

of  the  member 

F = the  maximum  compressive  stress  permitted 
“ In  the  absence  of  bending.  This  quantity 

Is  computed  using  Equation  4.3  of  Reference  1. 

Himate  Bending  Capacity 

he  ultimate  bending  capacities  for  the  frame  members  are 
sped i -h!  as  follows: 

%x  = [1.07  - (^/ry)/F^/262,394]Mpx  < Mpx  (5a) 
and 

% = [1.07  - (Vrx)^/262,394]Mpy  < Mpy  (5b) 

The  parameters  In  these  equations  are  defined  In  Section  2.4. 

Reductions  of  the  member  bending  capacities  to  account  for 
second  order  effects  are  not  required,  as  these  phenomena  are 
simulated  in  the  analysis. 
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SECTION  5 


COMPUTATION  OF  BLAST  LOADINGS 


5.1  Introduction 


Basic  to  protective  design  Is  the  capability  of  calculating 
efficiently  and  accurately  the  anticipated  output  of  an  accidental 
explosion.  As  applied  to  the  frame  analysis,  this  requirement 
consists  of  translating  the  various  blast  loading  parameters 
(charge  weight,  distance,  pressure,  time,  area,  etc.)  into  sim- 
plified mathematical  functions,  of  force  versus  time,  which  are 
suitable  for  use  In  muUi-degree-of- freedom  system  analyses.  The 
objective  of  this  section  is  to  present  the  methods  to  accomplish 
this  task. 

The  development  of  loading  functions  for  the  frame  analysis 
proceeds  in  two  stages.  In  the  first  stage,  the  exposed  area  is 
subdivided  Into  a series  of  tributary  loading  areas;  each  area  Is 
associated  with  a given  mass  point  on  one  of  the  exterior  members 
of  the  frame.  With  the  completion  of  this  initial  task,  the  data 
preparation  then  proceeds  to  the  development  of  the  pressure-time 
histories  for  the  analysis.  These^ pressure- time  histories  are 
modified  versions  of  the  pressure  waveforms  determined  using  the 
methods  and  data  provided  in  Section  4 of  Reference  3. 

The  methods  and  guidelines  for  accomplishing  each  of  the  above 
tasks  are  presented  In  the  remainder  of  this  section.  Included 
also  Is  a section  containing  a discussion  of  two  special  effects 
which  must  be  considered  when  generating  the  loading  functions  in 
order  to  avoid  introducing  spurious  effects  or  numerical  errors 
into  the  dynamic  analysis. 

5 . 2 Computation  of  Tributary  Loading  Areas 

As  discussed  in  Section  1,  each  frame  is  assumed  to  resist 
the  load  on  a tril:jtary  strip  of  the  building.  To  distribute  the 
applied  loads,  the  total  exposed  surface  area  of  the  supported 
strip  is  subdivided  into  tributary  areas;  and  each  tributary  area 
is  assigned  to  a mass  point  on  an  exterior  member.  In  the  anal- 
ysis, the  total  blast  load  on  a tributary  area  is  taken  as  acting 
at  its  associated  mass  point.  A loaded  mass  point  always  lies 
within  the  boundaries  of  its  assigned  tributary  area. 

The  dimensions  of  the  tributary  areas  are  established  on  the 
basis  of  the  framing  plan  of  the  exposed  areas.  Figures  23  and  24 
show  the  dimensions  of  the  tributary  areas  for  panels  with  the  two 
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most  common  types  of  framing  plans.  The  data  provided  Is  generally 
applicable  to  roof  panels  as  well  as  wall  panels.  The  term  "panel" 
is  used,  in  the  context  of  this  section,  in  the  same  manner  as  des- 
cribed in  Section  4.3.  It  should  be  noted  that  the  panel  boundaries 
designated  for  distributing  the  tributary  areas  must  always  cor- 
respond to  those  established  for  the  purpose  of  distributing  the 
panel  mass  among  the  normally  directed  dynamic  degrees  of  freedom 
(see  Section  4.3). 

When  sloped  surfaces  (such  as  the  roof  of  a gabled  structure) 
are  encountered,  the  loading  areas  utilized  in  the  analysis  com- 
prise the  projections  of  the  area  onto  horizontal  and  vertical 
planes. 

The  boundaries  of  the  tributary  areas  are  determined  in  the 
following  manner.  First,  the  total  panel  area  is  divided  into 
two  parts:  one  part  being  the  area  directly  supported  by  the  frame 
member,  and  the  other  being  the  area  supported  by  primary  trans- 
verse framing  members.  The  directly  supported  area  is  divided 
among  the  mass  points  on  the  member;  while  the  area  supported  by 
transverse  members  is  divided  equally  among  the  mass  points  at  the 
ends  of  the  member.  The  area  distributions  illustrated  in  Figures 
23  and  24  are  based  on  this  procedure. 

The  utilization  of  the  data  provided  (Fig  23  and  24)  is  illus- 
trated in  Figure  25  which  depicts  the  subdivision  of  the  exposed 
area  for  a two-bay  frame.  In  this  figure,  the  tributary  areas  for 
the  roof  and  wall  panels  are  apportioned  on  the  basis  of  the  data 
provided  in  Figure  24,  which  indicates  that  the  secondary  framing 
members  are  normal  to  the  plane  of  the  frame.  However,  the  guide- 
lines provided  in  the  subsequent  discussion  apply  as  well  to  cases 
where  the  secondary  framing  corresponds  to  that  shown  in  Figure  23. 

Inspection  of  Figure  25  reveals  that  mass  points  on  the  com- 
mon boundary  of  two  panels  are  assigned  tributary  areas  from  each 
of  the  intersecting  panels.  In  the  case  of  the  mass  point  at  the 
exterior  co^umn/girder  intersection,  the  intersecting  panels  are 
orthogonal,  and  therefore  two  tributary  areas  are  assigned:  one 
in  the  plane  of  the  wall  for  the  horizontal  loading  and  one  in 
the  plane  of  the  roof  for  vertical  loadings.  When  the  intersecting 
panels  are  coplanar,  as  occurs  at  the  connections  of  the  girders 
to  the  interior  columns,  the  respective  areas  of  each  panel  are 
combined  to  form  a single  tributary  area  which  is  assigned  to  the 
mass  point  at  the  column. 

5.3  Construction  of  Pressure-Time  Histories  for  Frame  Analysis 
General 
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With  the  boundaries  of  the  tributary  areas  established,  the 
development  of  the  loading  for  the  frame  analysis  proceeds  with 
the  construction  of  the  pressure-time  histories.  The  pressure- 
time histories  utilized  in  the  frame  analysis  are  generally  multi- 
linear functions  characteri zed  by:  a peak  pressure;  a rise  time 
(time  required  for  pressure  to  build  up  to  a peak  value);  and  a 
decay  time  (time  interval  over  which  pressure  decays  from  a peak 
value  to  zero). 

The  construction  of  these  pressure- time  histories  Involves 
combining  the  procedures  and  data  In  Chapter  4 of  Reference  3 with 
'jmped  parameter  modeling  concepts  applied  in  the  frame  analysis, 
task  is  accomplished  in  the  following  order:  first,  the 
procedures  of  Reference  3 are  applied  to  generate  pressure-time 
histories  at  the  locations  of  the  mass  points  on  each  exposed  sur- 
face [blastward  wall(s),  roof,  leeward  wall(s),  etc.]  of  the 
structure.  Then  these  waveforms  are  phased,  in  the  time  domain, 
to  simulate  the  effect  of  the  wave  traversing  the  structure  and, 
finally,  the  waveforms  are  modified  to  account  for  the  time  lag 
effects  and  the  non-uniformity  of  the  loading  that  occur  as  the 
wave  traverses  the  individual  tributary  areas. 

Computation  of  Pressure-Time  Histories  at  Mass  Points  on 
Structure 


The  pressure-time  history  for  a mass  point  on  a blastward 
wall  is  computed  using  the  procedures  outlined  in  Section  4-1 4a  of 
Reference  3.  The  referenced  material  provides  all  of  the  neces- 
sary guidance  and  data  required  to  accomplish  this  task.  Appli- 
cation of  these  methods  will  yield  either  of  the  reflected  pressure 
waveforms  depicted  in  Figure  26.  The  waveform  in  Figure  26a  will 
be  apparent  in  most  cases.  However,  at  high  pressure  levels, 
such  a representation  of  the  loading  may  be  inaccurate  due  to  the 
extremely  short  pressure  pulse  durations  involved.  In  such  cases, 
the  reflected  pressure  waveform  will  conform  to  the  one  shown  in 
Figure  26b. 

A typical  pressure  waveform  for  a mass  point  on  the  roof,  side 
wall  or  leeward  wall  is  illustrated  in  Figure  27.  The  necessary 
data  for  constructing  this  waveform  is  contained  in  Figure  4-5, 

4-11  or  4-12,  depending  upon  whether  the  explosion  is  above  or  on 
the  ground,  and  in  Figure  4-66  of  Reference  3.  Briefly,  the  peak 
pressure  on  these  surfaces  is  taken  as  the  sum  of  the  incident 
(Pgo)  and  drag  pressures  (Cgq0).  The  incident  pressure  is  computed 
using  the  data  provided  in  Figure  4-66  together  with  the  drag  co- 
efficients supplied  in  Section  4-14b.  The  duration,  t0f,  is  ex- 
pressed as  twice  the  positive  incident  impulse  divided  by  the  peak 
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Incident  pressure,  21./PS0.  The  positive  Incident  Impulse  Is 
obtained  from  either  Figure  4-5,  4-11  or  4-12  In  Reference  3. 

Example  A. 3 Illustrates  the  procedures  for  computing  both 
the  reflected  and  Incldent/draq  pressure- time  histories. 

The  minimum  data  required  for  the  analysis  of  a given  frame 
consists  of  the  following:  the  reflected  pressure- time  history 

at  the  blastward  wall,  and  the  combined  Incident/drag  pressure 
histories  together  with  the  shock  front  velocities  at  both  the 
blastward  and  leeward  ends  of  the  roof.  In  cases  Involving  quar- 
tering shock  waves,  these  data  are  computed  at  the  location  of 
the  frame  line.  The  reflected  pressure-time  history  Is  utilized 
to  generate  the  loading  function  on  the  exterior  blastward  column. 
In  cases  Involving  normal  shock  waves,  the  loading  function  for 
the  exterior  blastward  column  corresponds  to  the  reflected 
pressure-time  history  determined  using  the  precedures  of  Refer- 
ence 3. 

To  generate  the  loading  functions  for  the  roof  girder  and 
leeward  column,  the  combined  Incident/drag  pressure-time  histories 
are  first  utilized  to  determine  the  pressure-time  histories  at  all 
of  the  mass  points  on  these  members.  For  the  mass  points  on  the 
roof  girder,  this  task  Is  accomplished  by  linearly  Interpolating 
for  both  the  peak  pressure  and  duration  using  the  data  (Incident 
and  drag  pressure  durations)  computed  at  each  end  of  the  roof. 

This  interpolation  Is  performed  on  the  basis  of  the  distance  from 
the  mass  point  in  question  to  the  blastward  end  of  the  roof,  as 
shown  below: 

Vi  - Vb  - ["Wb  - Vl^irJ/LR  (15) 

(tdr)i  = (tdr)B  “ [(tdr^B  " ^dr^L^lr^R  (16) 

where  (Ppk).j,  (pp|<)B*  and  ^pk^L  = the  peak  Pressures  acting 
at  the  mass  point  1,  and  at  the  blastward  and  leeward 
ends  of  the  roof,  respectively 

(tdr).|,  (tdr)B,  and  (tdr)L  ■ the  durations  of  the  pres- 
sure at  the  mass  point  1 and  at  the  blastward  and  leeward 
ends  of  the  roof 

Lr  = the  length  of  the  roof 

l\r  = the  distance  from  the  blastward  end  of  the  roof 
to  the  mass  point  i 
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To  determine  the  pressure-time  history  for  a mass  point  on 
the  leeward  wall,  extrapolate  the  pressure  data  computed  for  the 
roof.  Such  an  approach  Is  utilized  when  the  leeward  wall  Is  taken 
as  an  extension  of  the  roof  (Section  5.3);  when  the  leeward  wall 
is  considered  as  an  extension  of  the  side  wall,  no  such  extrapo- 
lation Is  required,  as  all  mass  points  on  the  leeward  wall  are 
equidistant  from  the  bl«jstward  end  of  the  frame.  Here,  the  loading 
for  the  entire  wall  Is  based  on  the  pressure-time  history  at  the 
leeward  end  of  the  roof. 

The  extrapolation  of  the  pressure  data  for  the  leeward  wall 
Is  accomplished  on  the  basis  of  the  vertical  distance  from  the 
roof  to  the  mass  point  rr-  ouestlon,  as  shown  below: 

(ppk>1  s (Ppk)L  - KVb  " °Wl^u)/LR  07) 

(tdr)i  ■ (tdr-'L  " ^dr^B  " (tdr)|JOu)/LR  O8) 

The  parameters  In  these  equations  are  defined  above  with  the 
exception  of  which  Is  the  vertical  distance  from  the  roof  to 
the  mass  point  in  question  on  the  leeward  wall. 

Interpolation  and  extrapolation  for  the  shock  front  velocities 
at  the  mass  points  on  the  roof  and  leeward  walls  are  accomplished 
In  a similar  manner.  In  cases  Involving  structures  located  in  low- 
to-intermedlate  pressure  ranges,  the  shock  front  velocity  will  be 
constant  across  the  structure.  Therefore,  there  will  generally 
be  no  requirement  for  Interpolating  or  extrapolating  for  these 
quantities  at  the  mass  points  on  the  roof  and  leeward  wall. 

In  situations  Involving  very  long  structures  or  structures 
located  In  higher  pressure  regions,  a more  accurate  Interpolation 
for  the  peak  roof  pressures,  load  durations  and  shock  front  veloc- 
ities can  be  achieved  by  determining  the  combined  incident/drag 
pressure-time  histories  and  shock  front  velocities  at  one  or  more 
locations  along  the  roof  girder,  such  as  the  middle  of  the  roof 
or  at  every  column/girder  intersection.  The  data  computed  at  two 
such  locations  Is  then  utilized  to  interpolate  for  the  pressures, 
durations  and  velocities  at  intervening  mass  points.  Such  an 
approach  Is  also  applicable  for  computing  the  pressure-time  his- 
tories and  shock  front  velocities  at  points  on  the  leeward  column 
when  the  leeward  wall  is  taken  as  an  extension  of  the  roof.  Here, 
pressure-time  histories  and  velocities  are  computed  at  each  floor 
level  (including  the  foundation)  and  the  interpolation  Is  per- 
formed for  the  mass  points  between  successive  floor  levels. 


Phasing  of  Pressure-Time  Histories  for  the  Frame  Analysis 


The  waveforms  are  phased  on  a time  scale  in  order  to  simulate 
the  effect  of  the  blast  wave  traversing  the  structure.  This 
phasing  Is  accomplished  by  specifying  a time  lag  before  commencing 
the  loading  at  each  mass  point.  This  quantity  represents  the  time 
between  the  Initial  Impingement  of  the  blast  wave  on  the  frame  and 
the  arrival  of  the  wave  at  the  leading  edge  of  the  tributary  area 
associated  with  a given  mass  point.  This  quantity*  generally  re- 
ferred to  as  the  arrival  or  travel  time,  is  computed  as  follows: 

ta  * D/Uavg  (19) 

where  ta  = the  arrival  time 

U = the  distance  from  the  blastward 
surface  of  the  frame  to  the  leading 
edge  of  the  tributary  area.  This 
distance  is  always  measured  parallel 
to  the  direction  of  the  blast  wave. 

UAVG  = the  avera9e  shock  front  velocity 
between  the  blastward  end  of  the 
frame  and  the  mass  point 

Modification  of  Pressure-Time  Histories  for  the  Frame  Analysis 

Two  modifications  of  the  phased  pressure  waveforms  are  needed 
which  will  account  for  the  time  lag  effects  and  non-uniformity  In 
the  loading  on  the  individual  tributary  areas.  A typical  modified 
waveform  Is  depicted  In  Figure  28. 

The  first  modification  consists  of  applying  a rise  time,  trt» 
to  the  loading.  This  quantity  represents  the  time  required  for 
the  blast  wave  to  traverse  the  tributary  area,  and  Is  computed 
using  the  following  equation: 

1rt  = a/U  (20) 

where  tr*  = the  rise  time  which  is  the  time 

required  for  the  blast  wave  to 
traverse  the  tributary  area 

a = the  maximum  dimension  of  the 
tributary  area  measured  parallel 
to  the  direction  of  propagation 
of  the  shock  front 
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U a the  shock  front  velocity  at  the 
mass  point 

The  second  modification  Is  effected  to  simulate  the  non- 
uniformity  of  the  loading  on  the  tributary  area.  As  the  wave 
moves  across  the  area,  an  unequal  pressure  distribution  will 
exist.  To  account  for  this  effect,  an  average  pressure,  (PDir)aur» 
Is  utilized  In  the  analysis.  H v 


For  the  usual  case  of  the  linearly  decaying  loading  function 
(see  Fig  28).  the  average  pressure  acting  on  the  area  Is  computed 
using  the  following  expression: 

Vavg  ■ V1  ■ (s/2Utdr>]  <21> 

where  (Ppk^AVG  = average  peak  pressure 

H acting  on  the  tributary  area 

Ppk  = the  peak  pressure  (the  peak 
reflected  pressure  or  the  sum 
of  the  Incident  and  drag  pres- 
sures, whichever  Is  the  case) 

Initially  acting  at  a given  mass 
point 

tdr  = the  duration  of  the  pressure 
waveform  (whether  incident  or 
reflected)  computed  using  the 
methods  of  Section  4-14  of 
Reference  3 


- tQf  for  the  Incident  pressure- 


ror  cne 
time  history 


= t_  for  the  reflected  pressure- 
time history  with  a linear  decay 
(Fig  26b). 


For  the  particular  case  of  the  reflected  pressure  waveform 
with  the  bilinear  decay  (Fig  26a),  the  parameter  t^r  is  replaced 
in  Equation  21  by  a fictitious  duration  for  the  reflected  pressure, 
tR,  which  Is  computed  using  the  following  equation: 

tR  = tc/[l  - Ps/Pr)3  (22) 

where  tc  = the  clearing  time  required  to  relieve 

the  reflected  pressure.  This  quantity 
is  computed  as  outlined  In  Section  4-14 
of  Reference  3. 
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Ps  ■ the  value  of  the  pressure  at 
time  tc  (Fig  26a) 

Pr  a the  peak  reflected  pressure 
(Fig  26a) 

The  modified  reflected  pressure  waveform  with  a bilinear  decay  Is 
Illustrated  In  Figure  29. 

Calculation  of  Arrival  Time,  Rise  Time  and  Average  Pressvire 
for  tributary  Areas  on  the  Various  Surfaces 

To  compute  the  blast  loading  parameters,  ta,  t^  and  (Ppi^AVG* 
the  quantities  a and  D must  be  known.  Examples  of  a and  D are 
shown  in  Figures  30  and  31  for  tributary  areas  on  fclasward  walls; 
In  Figure  32  for  tributary  areas  on  the  roof;  and  In  Figures  33 
through  35  for  tributary  areas  on  leeward  walls.  Illustrations 
showing  both  normal  and  quartering  shock  waves  are  provided. 

The  figures  are  not  meant  to  specify  the  expressions  for  computing 

the  values  of  a and  D;  instead,  they  are  included  to  illustrate 

the  manner  In  which  these  quantities  are  determined,  and  therefore 

provide  guidance  for  accomplishing  this  task. 

Three  illustrations  related  to  the  leeward  walls  are  supplied 
because  of  the  complex  nature  of  the  loading  on  these  surfaces. 
Briefly,  the  loading  on  the  leeward  vfall  of  the  structure  consists 
of  secondary  waves  formed  by  the  expanding  pressure  front  as  it 
moves  past  the  rear  edges  of  the  building.  These  waves  spill 
over  from  the  roof  and  adjacent  walls.  For  the  purpose  of  com- 
puting the  pressure-time  histories  for  the  analysis,  the  leeward 
wall  Is  assumed  to  be  an  extension  of  either  the  ro^f  or  adjacent 
wall.  If  the  spillover  from  the  roof  produces  a more  rapid  load- 
ing of  the  leeward  wall,  the  leeward  wall  is  taken  as  an  extension 
of  the  roof  and  the  values  for  a and  D are  determined  as  Illus- 
trated In  Figure  33.  On  the  other  hand.  If  the  spillover  from 
the  adjacent  wall  produces  a more  rapid  loading,  Figures  34  and 
35  are  applicable. 

In  most  cases  Involving  single-story  buildings,  the  spillover 
from  the  roof  produces  the  more  rapid  loading  on  the  portion  of 
the  leeward  wail  supported  by  the  Interior  frames;  while  the 
spillover  from  the  adjacent  walls  produces  the  same  affect  for 
the  portion  of  the  leeward  wall  supported  by  the  end  frames.  In 
situations  Involving  multi-story  buildings,  the  tributary  areas 
at  the  upper  stories  may  be  Initially  loaded  by  the  spillover 
from  the  roof;  whereas  those  areas  at  the  base  will  Initially  be 
engulfed  by  the  spillover  from  adjacent  walls. 
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Calcul atlon  of  Blast  Loading  Parameters  tpk>  tct,  tj 


The  time,  tpk,  at  which  pressure  (Ppi^AVG  occurs  1s  computed 
using  the  following  equation: 


i 


*a  + Vt 


(23) 


The  fictitious  clearing  time,  tc«,  for  the  modified  reflected 
pressure-time  history  with  a bilinear  decay  Is  computed  using  the 
equation  below: 


^c*  * ^a  + Vt^2  + ^c 


(24) 


The  duration,  tgi*  of  the  pressure-time  history  is  computed 
as  follows: 


tDi  = Vt/2  + tdr  (25) 

and  the  time,  tj,  at  which  the  pressure  decays  to  zero  Is: 

*T  a *a  + *DI  (26) 

The  parameters,  ta,  trt,  tc  and  tdr  are  defined  In  the  preceding 
sections. 

5.4  Special  Considerations 

An  area  of  special  concern  Involves  the  use  of  pressure 
pulses  with  zero  rise  times;  a situation  common  In  analyses  of 
frames  for  normal  shock  waves.  Since  a portion  of  the  front  wall 
area  Is  assigned  to  the  mass  point  at  the  exterior  girder/column 
connection,  some  of  the  horizontal  load  will  be  applied  directly 
along  the  longitudinal  axis  of  the  roof  girder.  When  this  occurs, 
an  artificial  magnification  of  the  axial  load  In  the  girder  may 
result  due  to  the  response  of  the  member  In  its  extenslonal  mode. 
This  magnification,  combined  with  the  spurious  extenslonal  mode 
vibrations  of  the  member,  will  warp  the  axial  load/bending  moment 
Interaction,  which  Is  the  basis  for  determining  when  plastic  action 
occurs.  As  discussed  In  Section  4.2,  one  method  of  avoiding  this 
problem  Is  to  use  multiple  Intermediate  mass  points  (up  to  a max- 
imum of  three)  on  the  exterior  columns.  This  will  reduce  the 
magnitude  of  the  axial  load  applied  directly  to  the  girder.  If 
this  remedy  cannot  be  applied,  another  means  of  avoiding  the 
problem  Is  to  alter  the  pressure  waveform.  This  alteration  can 
be  accomplished  by  computing  the  period  of  the  exterior  column 
taken  as  a single-degree-of-freedom  system.  Using  one  quarter 
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of  this  period  In  place  of  the  rise  tlrne.  trt.  In  the  equations 
of  the  preceding  sections,  a waveform  corresponding  to  either  of 
those  shown  in  Figures  28  and  29  (as  th*  case  may  be)  can  be  con- 
structed and  utilized  In  the  analysis. 

Problems  can  also  occur  when  the  duration  of  the  blast  load- 
ing Is  small  compared  to  the  frequencies  of  the  analytical  model. 
This  problem  will  arise  In  applications  of  DYNFA  to  situations 
Involving  close-in  explosions.  Although  such  applications  of 
DYNFA  will  be  rare,  facility  designers  should  be  aware  of  the 
problem.  In  these  situations,  the  Integration  time  Interval  must 
be  short  enough  to  Insure  that  the  total  Impulse  Is  Included  In 
the  analysis.  The  use  of  a maximum  time  Interval  equal  to  l/20th 
of  the  loading  duration  will  achieve  the  desired  result.  Too 
large  an  Interval  will  produce  a stunted  representation  of  the 
loading  In  the  analysis  which.  In  turn,  will  produce  a lower  cal- 
culated response  of  the  frame  than  that  which  actually  occurs. 


SECTION  6 


DESIGN  CRITERIA 


6.1  Introduction 


In  order  to  restrict  the  amount  of  damage  a structure  will 
experience  when  resisting  the  effects  of  an  accidental  explosion, 
limiting  values  must  be  assigned  to  the  appropriate  response 
quantities.  For  members  which  can  be  analyzed  as  single  degree- 
of- freedom  systems  (beams,  floor  and  wall  panels,  joists,  etc.), 
the  appropriate  quantities  are  the  maximum  ductility  ratio  (de- 
fined as  the  ratio  of  the  maximum  deflection  to  the  equivalent 
elastic  deflection)  and  the  maximum  end  support  rotation.  Beth 
of  these  quantities  are  computed  as  functions  of  the  deflection 
at  the  midspan  of  the  member.  A detailed  discussion  of  these 
criteria  Is  presented  In  Chapter  2 of  Reference  1. 

Frame  structures,  on  the  other  hand,  must  be  analyzed  as 
multi-degree  of  freedom  systems  and  therefore  the  peak  response 
of  these  structures  cannot  be  determined  on  the  basis  of  a single 
response  quantity.  This  fact,  combined  with  the  wide  range  and 
time-varying  nature  of  end  conditions  of  the  Individual  frame 
members,  makes  the  measurement  of  ductility  ratios  and  support 
rotations  more  complex.  Consequently,  other  criteria  are  re- 
quired to  measure  the  complex  responses  of  a frame  structure. 

The  deformation  criteria  in  Section  2.3.2  of  Reference  1 estab- 
lishes acceptable  limits  for  certain  quantities  related  to  the 
frame  response.  However,  these  response  quantities  do  not,  In 
some  cases,  provide  a clear  Indication  of  the  amount  of  inelastic 
action  occurring.  Hence,  some  members  may  be  on  the  verge  of 
collapsing  due  to  the  occurrence  of  excessive  plastic  strains 
while  the  analysis  Indicates  that  the  deflections  of  the  frame 
are  within  the  deformation  criteria.  Therefore,  other  response 
quantities  must  be  monitored  in  order  to  provide  a more  precise 
measurement  of  the  plastic  deformations.  In  addition,  limits 
for  these  quantities  must  be  specified  in  order  to  restrict  the 
amount  of  damage  suffered  by  the  structure.  The  designation  of 
appropriate  response  quantities  for  measuring  the  plastic  de- 
formations, together  with  the  limiting  values  specified  for  these 
quantities,  provide  the  basis  for  the  ductility  criteria  for 
frame  structures.  These  ductility  criteria  ard  the  applicable 
deformation  criteria  in  Reference  1 govern  the  design  of  blast- 
resistant  frame  structures. 

The  remainder  of  this  section  is  devoted  to  the  frame  de- 
sign criteria.  Consistent  with  the  standards  established  in 


Reference  1,  the  criteria  are  specified  for  two  different  levels 
of  damage.  Structures  'n  the  first  category  are  designated  as 
"reusable"  structures;  while  those  In  the  second  category  are 
referred  to  as  "non-reusable"  structures. 

The  first  part  of  the  frame  design  criteria  consists  of  the 
applicable  portions  of  the  deformation  criteria  given  In  Ref- 
erence 1.  These  criteria  establish  limits  on  the  following  re- 
sponse quantities:  (1)  the  sldesway  deflection,  6,  of  each 

story,  and  (2)  the  end  rotation,  e,  (also  referred  to  as  the 
"chordal  angle0)  of  the  Individual  members  with  reference  to  a 
chord  joining  the  member  ends.  These  quantities  are  Illustrated 
In  Figure  36.  They  are  computed  using  the  appropriate  portions 
of  the  response  history  printed  by  DYNFA  (Section  9.5). 

As  specified  In  Reference  1,  the  limiting  values  for  the 
aforementioned  response  quantities  are: 

1.  Re>  able  structures: 

For  sldesway,  maximum  <$/H  = 1/50 

For  Individual  frame  members,  emax  = 1°. 

2.  Non-reusable  structures: 

For  sldesway,  maximum  tf/H  = 1/25 

For  Individual  frame  members,  emax  = 2°. 

The  second  part  of  the  frame  design  criteria,  consisting  of 
the  limiting  ductility  ratios.  Is  presented  in  the  remainder  of 
this  section. 

A summary  of  the  frame  design  criteria  Is  provided  at  the 
end  of  this  section. 

6.2  Measurement  of  Ductility  Ratio 

The  response  quantity  used  xc  measure  the  ductility  ratio 
Is  the  element  end  rotation , y (F>g  37  and  38),  which  Is  the 
angle  between  the  longitudinal  axis  of  an  element  In  its  Initial 
position,  and  a tangent  to  the  elastic  curve  of  the  element, 
in  contrast,  the  member  end  rotation,  e (Fig  36),  is  measured 
between  one  chord  joining  both  ends  of  a member  and  another 
chord  joining  one  end  with  a point  at  the  midspan  of  the  deformed 
member. 
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In  the  elastic  response  range,  the  element  end  rotation,  y 
(Fig  37),  consists  of  the  two  components  listed  below: 

1.  A rigid  body  component,  a,  which  is  computed  as 
follows: 

a = (yB  - yA)/L  (27) 

where  (yR  - y.)  = the  differential  displacement 
B M between  the  ends  of  the  element 

L = the  length  of  the  element 

2.  An  elastic  component,  $,  which  is  the  difference 
between  the  total  element  end  rotation,  y,  and 
the  rigid  body  rotation,  a: 

$ = Y - a (28) 

The  elastic  components,  <j>A  and  <j>c,  at  points  ends  A and  B (Fig  36) 
are  a direct  measure  of  the  bending  moments  at  the  ends  of  the 
element. 

In  the  inelastic  response  range,  the  element  end  rotation 
consists  of  three  components  (Fig  37),  namely:  a rigid  body 

rotation,  a,  which  varies  throughout  this  period  as  the  element 
continues  to  deform;  the  elastic  component,  ^v,  measured  at  the 
onset  of  yielding  at  the  end  of  the  element;  ana  a plastic  com- 
ponent, 3,  which  commences  with  initial  yielding  at  the  end  of 
the  element  and  increases  until  a peak  plastic  rotation,  3max, 
is  realized.  The  elastic  component  of  the  rotation  remains  con- 
stant at  a value  of  <|imax  throughout  the  yielding  process  until  a 
peak  plastic  rotation,  is  achieved.  At  this  time,  the 

element  unloads  and  the  elastic  rotation  varies  accordingly. 
Appendix  C presents  the  equations  for  the  plastic  component  of 
the  element  end  rotation  for  all  of  the  possible  combinations  of 
yield  conditions. 

The  computation  of  the  various  components  of  the  element  end 
rotations  is  performed  by  DYNFA  as  part  of  the  frame  analysis. 

The  program  also  reords  the  maximum  positive  and  negative  plas- 
tic and  elastic  components  of  the  rotations  at  both  ends  of  each 
element  and  uses  these  values  to  compute  the  maximum  ductility 
ratios  for  each  element  using  the  following  equation: 


y = 1 .0  + Bmax/^ax  (29) 
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6 . 3 Ductility  Ratios  for  Members  Subjected  to  Bending  Alone  or 

to  Simultaneous  Bending  and  Axial  tension 

Since  the  members  of  the  frame  are  subjected  to  axial  loads 
as  well  as  bending  moments,  consideration  must  be  given  to  the 
impact  of  the  axial  load  on  the  ability  of  the  member  to  sustain 
plastic  deformations.  In  cases  of  steel  members  subjected  to 
bending  alone  or  to  simultaneous  bending  and  axial  tension, 
ductility  ratios  between  13  and  20  were  measured  at  collapse 
(Ref  16).  In  order  to  avoid  a failure,  however,  the  maximum 
ductility  ratios  have  been  specified  as  3 for  reusable  structures 
and  6 for  non-reusable  structures.  These  quantities  were  derived 
by  placing  factors  of  safety  (approximately  4 for  reusable  struc- 
tures and  2 for  non-reusable  structures)  on  the  minimum  ductility 
ratio  measured  at  collapse.  In  assigning  these  safety  factors, 
the  primary  consideration  in  the  case  of  reusable  structures  was 
to  limit  the  amount  of  damage;  whereas  in  the  case  of  non-reusable 
structures,  the  primary  consideration  was  to  provide  an  ample 
margin  of  safety  against  collapse. 

6 . 4 Ductility  Criteria  for  Beam  Columns 

Failure  Mode  of  Beam  Columns 

Beam  columns  may  suffer  an  instability  failure  at  ductility 
ratios  below  those  measured  for  members  subjected  to  simultaneous 
bending  and  axial  tension.  Consider  the  typical  load-deformation 
response,  depicted  In  Figure  39,  for  a laterally  loaded  beam 
column.  Note  that  the  load-carrying  ability  of  the  member  dis- 
sipates after  the  peak  load  has  been  achieved.  As  the  unloading 
progresses,  an  Instability  failure  occurs  due  to  the  formation 
of  plastic  hinges  on  the  member.  Hence,  the  effects  of  stability 
must  be  considered  for  beam  columns,  because  in  some  situations, 
plastic  deformations  corresponding  to  ductility  ratios  of  3 and 
6 may  not  be  attainable  without  a failure  occurring. 

Basis  of  Criteria 

In  order  to  Incorporate  the  effects  of  beam  column  insta- 
bility into  the  failure  criteria,  the  data  and  methods  of  Galambos 
and  others  (References  16  and  17)  were  used  to  develop  limiting 
ductility  ratios  for  beam  columns.  In  this  report  and  in  Ref- 
erences 16  and  17,  the  ultimate  ductility  ratios  are  expressed  in 
terms  of  the  rotation  capacity  of  the  member  end.  The  rotation 
capacity,  Rc,  is  defined  as  the  ratio  of  the  maximum  plastic 
rotation  at  failure,  Bjnax*  t0  the  maximum  elastic  rotation,  <f>max> 
which  occurred  at  the  onset  of  Inelastic  action  (see  Fig  39). 
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The  ultimate  ductility  ratio  Is  defined  In  terms  of  the  rotation 
capacity  as  follows: 

uu1t  = 1.0  + Rc  (30) 

In  References  16  and  17,  the  quantities  <|>rnax  and  e^x  are 
measured  In  terms  of  the  total  member  end  rotation;  whereas  in 
DYNFA,  these  quantities  are  measured  In  terms  of  the  relative 
member  end  rotation.  Nevertheless,  computing  Rc  In  terms  of 
either  of  these  quantities  produces  similar  results.  Hence, 
the  DYNFA  method  for  computing  the  ductility  ratios  is  consistent 
with  the  method  used  In  References  16  and  17  for  establishing 
the  ductility  criteria. 

Members  Subjected  to  End  Moments 

The  limiting  rotation  capacities  will  vary  depending  upon 
the  nature  of  the  applied  loads/moments  and  the  conditions  of 
restraint  existing  at  the  member  ends.  To  provide  a basis  for 
the  design  of  beam  columns,  data  were  developed  Tor  most,  if  not 
all,  of  the  various  types  of  loadings  and  end  conditions  en- 
countered in  frame  structures.  Rotation  capacity  data  are  pro- 
vided in  Reference  16  for  beam  columns  subjected  to  bending 
moments  applied  at  one  or  both  ends  of  the  member.  These  data 
are  presented  In  Figures  41  and  42.  The  figures  present  the 
relationship  between  the  rotation  capacity  and  the  applied  axial 
load  for  members  with  varying  slenderness  ratios.  In  the  fig- 
ures, the  applied  axial  load,  P,  is  expressed  In  non-dimensional 
form  as  a fraction  of  the  ultimate  tensile  capacity,  Pp;  and  the 
slenderness  ratio  is  designated  by  the  ratio  Hr  where  l Is  the 
total  length  of  the  member  and  r is  the  radius  of  gyration  about 
the  axis  of  bending.  Figure  40  contains  an  Index  which  corre- 
lates the  loading  condition  with  the  appropriate  ductility 
criteria. 

Members  Subjected  to  Lateral  Loads 

The  design  data  for  laterally-loaded  members  were  developed 
using  the  methods  and  data  provided  in  References  17  and  18. 
Rotation  capacity  curves  fcr  laterally-loaded  members  were  devel- 
oped using  a numerical  integration  procedure  (Ref  18)  to  determine 
the  lateral  load  versus  end  rotation  relationship  for  the  member. 

A typical  curve  is  depicted  in  Flaure  39.  As  illustrated  in  the 
figure,  the  maximum  elastic  Umax'  and  plastic  (emax)  rotations 
are  defined  as  the  rotations  which  correspond  to  a lateral  load 
equal  to  95  percent  of  the  peak  load  on  the  curve.  This  defini- 
tion Is  based  on  the  results  of  tests  on  beam  columns  subjected 
to  applied  end  moments  (Ref  16).  These  tests  revealed  a marked 
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increase  in  the  rate  of  collapse  as  the  member  unloaded  to  a 
moment  equal  to  95  percent  of  Its  measured  capacity. 

The  design  data  developed  is  presented  in  Figures  44  through 
53.  The  loading  condition  considered  for  the  generation  of  these 
data  consisted  of  a uniformly  distributed  lateral  load  applied 
simultaneously  with  a compressive  axial  load.  The  curves  In 
these  figures  express  the  limiting  rotation  capacity  as  a func- 
tion of  the  slenderness  ratio  of  the  member  and  the  applied  axial 
load.  The  rotation  capacities  are  computed  for  the  location  on 
the  member  at  which  the  first  plastic  hinge  forms.  Each  curve 
in  these  figures  corresponds  to  a constant  slenderness  ratio. 

In  developing  the  design  data  for  this  report,  the  methods 
of  Reference  17  were  extended  to  situations  in  which  rotational 
restraints  are  provided  at  the  ends  of  the  member.  The  purpose 
of  this  extension  was  to  more  accurately  simulate  conditions  in 
an  actual  structure,  where  all  members  are  provided  with  elastic 
rotational  restraints  at  their  ends. 

Two  general  conditions  of  rotational  end  restraint  were 
considered,  namely:  both  ends  of  the  member  restrained  by  elastic 

elements  o*  equal  stiffness;  and  one  end  of  the  member  elastically 
restrained  and  the  other  end  pinned.  The  data  provided  for  each 
condition  of  end  restraint  were  computed  for  five  values  of  the 
rotational  stiffness  of  the  restraining  element.  Each  of  Figures 
44  through  53  contains  the  rotation  capacity  curves  for  one  value 
of  the  rotational  stiffness.  In  each  figure,  the  stiffness  of 
the  restraining  element  is  expressed  In  terms  of  the  moment  dis- 
tribution factor  of  the  beam  column.  Figure  43  contains  ar  index 
of  the  figures  for  the  various  values  of  the  distribution  factors. 

The  distribution  factor  is  commonly  used  in  performing  moment 
distribution  (Hardy-Cross)  analyses  of  continuous  beams.  The 
distribution  factor  at  one  end  of  a frame  member  Is  computed  as 
follows: 


DFAB  = KAB/EK  (31) 

where  DFA  = the  distribution  factor  for  frame 

member  AB  at  joint  A 

Kab  - the  relative  rotational  stiffness 
of  frame  member  AB 

eK  = the  sum  of  the  relative  rotational 
stiffnesses  of  all  frame  members 
(including  member  AB)  intersecting 
at  joint  A. 
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The  reader  Is  referred  to  one  of  the  standard  texts  on  Indeter- 
minate structural  analysis  (such  as  Ref  19)  for  additional  guid- 
ance In  computing  these  factors. 
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The  rotation  capacity  data  provided  In  the  figures  cover  a 
range  of  cases  In  which  the  distribution  factors  for  the  frame 
members  vary  from  a minimum  of  0.0625  to  a maximum  of  0.75.  The 
lower  values  (0.0625  through  0.25)  reflect  conditions  of  restraint 
approaching  flxldlty;  whereas  the  highest  value  (0.75)  reflects 
a condition  approaching  a pin-ended  support. 

Factors  of  Safety  and  Limiting  Ductility  Ratios 

The  data  contained  in  the  aforementioned  figures  represents 
the  values  of  the  rotation  capacities  at  a condition  of  imminent 
failure.  In  order  to  provide  an  ample  margin  against  collapse  of 
the  member,  a factor  of  safety  Is  applied  to  these  values  In  the 
frame  design.  The  safety  factors  specified  are  4 for  reusable 
structures  and  2 for  non-reusable  structures.  Since  the  rotation 
capacity  data  preclude  fracture  of  the  material,  limiting  duc- 
tility ratios  of  3 for  reusable  structures  and  6 for  non-reusable 
structures  are  specified. 

The  ductility  ratio  utilized  for  the  design  of  a beam  column 
Is  the  minimum  of  either  the  ductility  ratio  derived  from  the 
data  in  Figures  41,  42  and  44  through  53,  or  the  limiting  duc- 
tility ratio. 

Use  of  the  Rotation  Capacity  Curves 

The  data  contained  In  Figures  41,  42  and  44  through  53  are 
used  In  conjunction  with  the  output  of  DYNFA  to  determine  the 
adequacy  of  the  members  of  tl.a  frame.  The  maximum  allowable 
ductility  ratio  for  a member  is  determined  In  the  following  man- 
ner. First,  using  the  computed  moments  which  occur  when  the 
maximum  ductility  ratio  is  realized  in  the  response,  sketch  the 
moment  diagram  for  the  member.  Compare  this  moment  diagram  with 
those  shown  In  Figures  40  and/or  43.  These  figures  correlate 
the  data  contained  In  Figures  41,  42  and  44  through  53  with  the 
various  loading  conditions  for  which  the  criteria  were  developed. 
This  correlation  is  accomplished  on  the  basis  of  the  moment  dia- 
grams produced  by  the  various  loading  conditions. 

It  should  be  noted  that  the  bending  moment  diagrams  shown 
In  Figures  40  and  43  conform  to  the  standard  beam  sign  convention 
(l.e.,  negative  moment  produces  tension  at  upper  or  outside 
flange  of  member).  On  the  other  hand,  the  bending  moments  printed 
by  DYNFA  conform  to  a sign  convention  which  Is  based  entirely  on 
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the  direction  of  rotation  produced  by  the  moment  (l.e.,  negative 
moment  produces  clockwise  rotation).  Therefore,  when  sketching 
the  moment  diagram  for  a member,  the  signs  of  the  moments  must 
be  altered  to  conform  to  the  standard  beam  sign  convention. 

Find  the  moment  diagram  In  Figure  40  or  43  which  has  the 
closest  resemblance  to  the  moment  diagram  constructed  using  the 
DYNFA  output  and  extract  the  ductility  criteria  for  the  member 
from  the  appropriate  flgure(s)  of  those  listed.  Figure  40  Is 
generally  applicable  to  members  subjected  to  end  moments;  whereas 
Figure  43  applies  to  laterally-loaded  members.  Figure  40  may 
also  apply  In  cases  where  small  lateral  loads  are  encountered. 

Due  to  the  complexities  Inherent  In  the  blast-induced  response 
of  a frame  structure,  the  peak  response  of  an  exterior  member 
may  be  produced  by  two  effects,  namely:  the  transverse  loads 
acting  directly  on  the  member,  and  the  bending  moments  applied 
at  the  ends  of  the  member.  The  latter  effect  is  usually  produced 
by  the  direct  loading  on  adjacent  members  or  the  overall  sidesway 
response  of  the  frame.  In  such  cases,  the  bending  moment  dia- 
gram for  the  member  at  the  Instant  it  attains  its  peak  response, 
will  exhibit  characteristics  of  the  moment  diagrams  for  each  of 
these  load  cases.  When  this  occurs,  the  ductility  criteria  for 
the  member  is  taken  as  the  minimum  of  the  ductility  criteria  for 
the  two  loadings  producing  the  member's  peak  response.  Gen- 
erally, the  ductility  criteria  for  the  member  will  correspond 
tu  that  for  the  lateral  load  case  (Fig  43). 

Second,  from  the  printed  output  of  DYNFA,  read  the  axial 
■>oad  ratio,  P/Pp,  where  P corresponds  to  the  axial  load  In  the 
member  when  the  maximum  plastic  rotation  occurs  and  Pp  is  the 
ultimate  tensile  capacity  of  the  member.  Enter  the  appropriate 
curve  (In  Fig  41,  42  or  44  through  53)  with  this  quantity  to- 
gether with  the  slenderness  ratio  (Z/r)  for  the  axis  of  bending 
of  the  member,  and  read  the  limiting  rotation  capacity.  Here, 
the  total  length,  Z,  Instead  of  the  effective  length,  K Z,  (where 
K is  the  effective  length  factor),  is  used  to  compute  the  slen- 
derness ratio.  In  some  cases,  interpolation  of  the  data  may  be 
required  in  areas  where  the  curves  are  extremely  sensitive  to 
variations  in  one  or  more  parameters,  such  as:  the  slenderness 
ratio,  Z/r,  or,  in  cases  involving  laterally-loaded  members,  the 
distribution  factor,  DF.  Here,  engineering  judgement  will  have 
to  be  exercised  to  determine  whether  the  interpolation  Is  re- 
quired. The  following  guidelines  are  offered  to  assist  in  the 
interpolation: 

1.  For  values  of  P/Pp  less  than  0.20,  plot  a curve 
of  the  values  of  versus  Z/r  for  a constant 
value  of  DF  and  P/Pp.  Read  from  this  curve  the 
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value  of  Rc  for  the  value  of  l/r  required.  For 
values  of  P/Pp  greater  than  0.20,  Interpolate 
for  l/r  by  Inspection. 

2.  To  Interpolate  for  values  of  DF,  plot  curves  of 
Rc  versus  DF  for  constant  values  of  P/Pp  and  Z/r; 
use  at  least  three  points  for  this  curve.  Read 
from  this  curve  the  value  of  Rc  for  the  distribu- 
tion factor,  DF,  required. 

3.  When  the  distribution  factor  Is  less  than  0.0625 
or  greater  than  0.75,  the  values  of  Rc  shall  be 
taken  as  equal  to  those  for  distribution  factors 
of  0.0625  and  0.75,  respectively. 

4.  When  the  distribution  factors,  DFab  and  DFba  for 
a member  restrained  at  both  ends  are  unequal, 
enter  the  curves  with  the  lower  of  the  two  values 
of  the  DF,  and  read  the  corresponding  values  of 
Rc  for  each  of  the  following  cases: 

a.  Both  ends  of  member  restrained  (Ref  Fig 
44  through  48).  The  value  of  Rc  for  this 
case  is  the  upper  limit  of  the  rotation 
capacity  for  the  member. 

b.  One  end  restrained,  other  end  pinned  (Ref 
Fig  49  through  53).  The  value  of  Rc  for 
this  case  Is  the  lower  limit  of  the  rotation 
capacity  for  the  member. 

Using  the  two  values  of  Rc  thus  obtained,  the  value 
of  the  rotation  capacity  for  the  member  Is  computed 
as  Illustrated  In  Figure  54.  In  the  example  shown 
the  distribution  factor  DF^b  is  taken  as  the  lower 
of  the  two  distribution  factors  for  the  member. 

The  upper  portion  of  the  figure  shows  the  tabulated 
rotation  capacities  for  cases  a and  b above.  In 
the  lower  portion  of  the  figure,  the  tabulated 
values  of  Rr  are  plotted  versus  the  corresponding 
values  of  DF  for  end  B of  the  member.  Since  data 
for  only  two  points  are  available,  the  plot  is 
taken  as  a straight  line.  The  value  of  (Rc)m  for 
the  member  Is  then  determined  by  entering  the  plot 
with  the  actual  value  of  distribution  factor,  dpba* 

Finally,  the  limiting  ductility  ratio  is  computed  by  dividing 
the  rotation  capacity  by  the  appropriate  factor  of  safety  and 
adding  one  to  the  resulting  quotient. 
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Limitations  In  Ductility  Ratio  Criteria  for  Beam  Columns 


The  failure  criteria  related  to  beam  columns  was  developed 
on  the  basis  of  a series  of  non-linear  analyses  (Ref  16,  17  and 
18)  In  which  the  following  simplifying  assumptions  were  made: 

1.  The  member  1r  subjected  to  In-plane  bending  only. 

2.  The  ends  of  the  member  remain  stationary;  that  is, 
no  differential  displacement  occurs  between  the 
member  ends. 

3.  In  most  cases,  collapse  will  be  caused  by  the 
overall  Instability  of  the  member,  and  therefore, 
the  effects  of  local  failure  modes,  such  as  local 
or  torsional  buckling,  can  be  neglected. 

In  the  first  Instance,  It  was  considered  appropriate  to  base 
the  criteria  on  the  In-plane  bending  behavior  ov  beam  columns 
and  account  for  the  effects  of  bl-axlal  bending  by  using  reduced 
bending  capacities  in  the  frame  analysis,  as  described  in  Sec- 
tion 7.  Application  of  the  provisions  In  Section  7 will  yield 
an  ample  margin  of  conservatism  which  precludes  the  need  for  a 
three-dimensional  stability  criteria. 

The  second  assumption  neglects  the  possible  reductions  in 
the  rotation  capacities  of  the  columns  due  to  sidesway  motions 
of  the  frame.  However,  these  reductions  are  partially  accounted 
for  by  the  Inclusion  of  the  P-A  effect  in  the  analysis.  In  addi- 
tion, they  will  be  offset,  to  some  extent,  by  the  stabilizing 
effects  of  the  inertial  forces  on  the  member,  which  retard  the 
buckling  process. 

Frame  members  designed  according  to  the  provisions  contained 
In  Sections  3.3.4  through  3.3.6  of  Reference  1 will  not  be  sus- 
ceptible to  local  failures,  such  as  local  buckling  or  lateral 
torsional  buckling.  Therefore,  the  exclusion  of  the  local  failure 
modes  from  the  development  of  the  criteria  Is  appropriate.  How- 
ever, in  some  cases,  the  design  cannot  conform  to  the  referenced 
specifications  and,  therefore,  the  possible  occurrence  of  these 
types  of  failures  may  reduce  the  available  rotation  capacity  of 
the  member  (Ref  16).  Reductions  caused  by  lateral  torsional 
buckling  are  partially  accounted  for  by  using  a reduced  bending 
capacity  for  the  member  in  the  analysis  (Section  4.4).  However, 
additional  data  is  required  to  establish  criteria  for  beam  columns 
subjected  to  local  failures.  At  present,  there  is  little  data 
available  for  this  purpose  and,  therefore,  in  the  absence  of  this 
dataB  'it  may  be  necessary  to  restrict  the  amount  of  inelastic 


action  to  much  lower  levels  than  those  specified  In  this  section. 
In  extreme  cases,  It  may  even  be  necessary  to  design  the  members 
to  remain  elastic  throughout  the  response.  Here,  the  designer 
must  exercise  some  judgement  In  assessing  what  level  of  Inelastic 
dynamic  response  Is  tolerable. 

6.5  Summary  of  Criteria 

1.  Sidesway  and  end  rotation  criteria 

a.  Reusable  structures 
For  sldesway,  maximum  5/H  * 1/50 
For  Individual  frame  members,  e^x  = 10 

b.  Non-reusable  structures 
For  sldesway,  maximum  S/H  * 1/25 
For  Individual  frame  members,  emax  * 2° 

2.  Ductility  criteria 

a.  Reusable  structures 

Members  subjected  to  combined  bending  and  axial 
tension,  Umax  * 3 

Members  subjected  to  combined  bending  and  axial 
compression: 

^max  = 1 + Rc/4 
or 

Umax  * 3»  whichever  governs. 

b.  Non-reusable  structures 

Members  subjected  to  combined  bending  and  axial 
tension,  ^max  * ® 

Members  subjected  to  combined  bending  and  axial 
compression: 

^max  s 1 + Rc/2 
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Vmax  “ 6»  whichever  governs. 

1.  Rr  In  the  above  equations  designates  the 
ultimate  rotation  capacity  read  from  the 
appropriate  curve  of  those  provided  In 
Figures  41,  42  and  44  through  53. 

2.  The  limits  specified  apply  to  plastic 
deformations  occurring  within  the  span 
of  a member  or  at  the  member  ends. 


SECTION  7 


DESIGN  METHODS  FOR  BI-AXIAL  BENDING  OF  COLUMNS 
7.1  Introduction 


The  nature  of  the  blast  loading  on  rectangular  buildings  Is 
such  that,  for  any  direction  of  shock  wave  propagation,  some 
building  columns.  If  not  all,  are  subjected  to  bl-axlal  bending. 
To  Illustrate  this,  consider  the  structure  shown  In  Figure  55, 
which  Is  typical  of  those  encountered  In  ammunition  facilities. 
Under  the  Influence  of  Shock  Front  I,  all  of  the  Y-dlrectlon 
frames  will  experience  sldesway  motion,  while  those  In  the  X- 
dlrectlon  will  not.  In  addition,  all  of  the  exterior  columns  on 
lines  1 and  4 will  respond  to  the  side-on  pressures.  As  a con- 
sequence, all  of  the  exterior  col  wins  will  undergo  bl -axial  bend- 
ing while  the  Interior  columns  experience  bending  about  one  axis 
only.  If  the  effects  of  Shock  Front  II  are  considered,  bl-axlal 
bending  occurs  In  all  of  the  columns. 

When  designing  the  Interior  Y-dlrectlon  frames  for  Shock 
Front  I,  each  frame  can  be  analyzed  with  DYNFA  as  an  Independent 
structural  system.  However,  In  situations  where  bl-axlal  bending 
occurs  (such  as  those  described  above),  the  frame  design,  and 
therefore  the  DYNFA  analysis,  must  account  for  the  Interactions 
between  the  responses  of  orthogonal  frames.  Since  the  analysis 
performed  by  DYNFA  Is  restricted  to  uni-axial  bending  of  the 
frame  members,  an  approach  Is  needed  whereby  the  applicability  of 
the  program  can  be  extended  to  situations  Involving  bi-axlal  bend 
Ing.  Such  an  approach  Is  presented  In  this  section. 

7.2  Basic  Procedure 


A more  rigorous  approach  to  the  problem  would  entail  a 
three-dimensional  elasto-plastic  analysis  of  the  entire  building. 
For  the  general  type  of  structure  encountered,  this  would  consti- 
tute an  Impractical  &sk,.  An  alternate  approach  has  been  devel- 
oped which  utilizes  the  DYNFA  program  as  described  below. 

Briefly,  several  representative  frames  spanning  In  each  di- 
rection are  selected  for  analysis  with  DYNFA.  In  cases  Involving 
shock  waves  normal  to  one  of  the  exterior  walls  of  the  building 
(such  as  Shock  Wave  I shown  In  Fig  55),  the  procedure  can  be 
simplified  as  only  the  exterior  columns  of  the  side  wall  experi- 
ence bl-axlal  bending.  Hence,  the  analyses  of  the  frames  posi- 
tioned perpendicular  to  the  blast  direction  can  be  omitted  and 
the  responses  of  the  exterior  columns  to  the  side-on  pressures 


65 

-4  - 


can  be  estimated  on  the  basis  of  single  degree-of-freedom 
analyses. 

Two  DYNFA  analyses  are  performed  for  each  selected  frame. 

In  the  first  analysis,  Inelastic  behavior  of  the  columns  Is  ne- 
glected. This  Is  accomplished  by  using  fictitiously  high  bend- 
ing moment  capacities  (at  least  2 to  3 times  the  actual  capacity) 
for  the  elements  representing  these  members.  Based  on  the  results 
of  the  first  group  of  analyses,  the  bending  capacity  about  each 
axi?  of  each  building  column  Is  reduced  to  account  for  the  simul- 
taneous application  of  bending  moments  about  both  axes.  With 
reduced  bending  capacities  specified  for  the  columns,  each  frame 
Is  re-analyzed  with  DYNFA.  The  Inelastic  behavior  of  the  columns 
Is  Included  In  the  second  group  of  analyses.  The  adequacy  of  all 
frame  members  Is  assessed  on  the  basis  of  the  results  of  this 
second  group  of  analyses 

Additional  Information  on  the  procedure  is  provided  In  the 
remainder  of  this  section. 

7.3  Use  of  Results  of  First  Group  of  Analyses 

General 


The  results  of  the  first  group  of  analyses  are  used  for  two 
purposes,  namely:  to  make  a preliminary  assessment  of  the  struc- 
tural integrity  of  each  frame  analyzed,  and  to  determine  the  re- 
duced bending  capacities  of  the  columns  for  use  In  the  second 
group  of  analyses. 

Preliminary  Assessment  of  Structural  Integrity 

The  structural  Integrity  of  the  frame  members  Is  Investi- 
gated on  t.he  basis  of  the  criteria  specified  In  Section  6.  From 
the  DYNFA  results,  tabulate  the  following  response  parameters, 
namely:  the  peak  sldesway  deflection  of  each  frame,  and  the 
maximum  chordal  angle  and  ductility  ratio  for  each  girder.  Also 
tabulate  the  maximum  chordal  angle  for  each  exterior  column. 
Procedures  for  using  the  printed  output  of  DYNFA  to  determine 
the  sldesway  deflections  and  chordal  angles  are  presented  In 
Section  9.  The  ductility  ratios  are  computed  and  printed  by 
DYNFA.  Compare  these  quantities  with  the  frame  design  criteria 
of  Section  6.  At  this  stage  of  the  design,  margins  of  10  to  20 
percent  of  the  limiting  values  are  required  between  the  computed 
response  parameters  and  the  design  criteria.  Where  such  margins 
are  not  apparent.  Increase  the  sizes  of  the  under-designed  mem- 
bers and  rerun  the  analysis  of  that  particular  frame.  These 
margins  are  necessary  to  insure  that  the  Inelastic  deformations 
of  the  frames  in  the  second  group  of  analyses  will  not  exceed 
the  design  criteria. 
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Reduced  Bending  Capacities  of  Columns 

Following  the  preliminary  assessment  of  the  structural  In- 
tegrity. the  design  proceeds  with  the  computation  of  the  reduced 
bending  capacities  of  the  columns.  For  a given  column,  tabulate 
at  each  nodal  point  on  the  member,  the  maximum  bending  moments 
which  occur  about  each  axis.  Because  only  a few  representative 
frames  in  each  direction  are  analyzed,  the  printed  output  of 
DYNFA  will  not  contain  the  peak  bl -axial  bending  moments  for 
eve***.*  column  being  Investigated.  However,  It  can  generally  be 
as. .-.vied  that  the  response  histories  of  several  successive  frames 
spanning  In  one  direction  will  be  similar  in  magnitude,  frequency 
and  duration,  provided  that  the  members  of  these  frames  have 
similar  properties  and  the  loadings  on  each  frame  are  similar  In 
magnitude  and  duration.  By  virtue  of  this  assumption,  the  DYNFA 
results  for  one  column  may  be  applied  to  another.  For  instance, 
suppose  the  desired  quantity  Is  the  peak  moment  about  the  X-axis 
of  column  B3  (see  Fig  55),  but  frame  2 was  analyzed,  not  frame  3. 
In  this  case,  the  desired  moment  is  taken  as  the  peak  X-axis 
moment  for  column  B2.  This  assumption  applies  for  estimating  the 
responses  of  the  leeward  exterior  frames;  that  Is,  the  response 
of  frame  4 can  be  assumed  to  be  equal  to  the  response  ov  frame  1 
provided  that  the  loadings  for  both  frames  are  similar.  When 
larger  pressure  differentials  occur  between  the  ends  of  the  build 
Ing,  it  may  be  necessary  to  analyze  all  of  the  exterior  frames. 

With  the  peak-applied  moments,  Mv  and  My,  tabulated  at  each 
"'v?1  rrint,  the  nodal  capacity  reduction  factors,  Rn,  are  com- 
shown  below: 

l\l/V  + W 

where  MmX  and  are  defined  and  computed  as  described  In  Sec- 
tion 2.4. 

To  eliminate  unnecessary  analyses,  the  following  limits  are 
specified  for  the  nodal  reduction  factor: 

Rn  <.1.25  for  a reusable  structure,  and 

Rn  <.1.50  for  a non-reusable  structure. 

These  values  apply  to  all  but  corner  columns.  The  limits  for 
corner  columns  are: 

Rr,  £ 1.5  for  a reusable  structure,  and 

Rn  < 2.0  for  a non-reusable  structure. 
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If  all  nodal  reduction  factors  for  a member  are  greater  than 
the  limiting  value,  the  member  should  be  Increased  In  size.  On 
tSw  other  hand,  if  all  of  the  reduction  factors  are  less  than  one, 
decrease  the  size  of  the  member.  Compute  nodal  reduction  factors 
for  the  new  member  using  Its  bending  capacities  and  the  bending 
moments,  Mx  and  My*  computed  for  the  original  member. 

Reduced  moment  capacities  for  the  second  group  of  analyses 
ire  then  computed  as  follows: 


I"xl/«n 

(33a) 

lMyl/Rn 

(33b) 

Moment  capacity  reductions  are  effected  at  every  nodal  point  on 
each  column.  To  Illustrate  the  use  of  Equation  (33),  a sample 
computation  Is  provided  In  Table  6 for  a column  subjected  to  bi- 
axial bending.  The  column  Involved  Is  modeled  with  two  alements 
(3  noJal  points). 

7.4  Use  of  Results  of  Second  Group  of  Analyses 

In  the  second  phase  of  the  analysis,  the  frames  are  re- 
analyzed with  reduced  bending  capacities  specified  for  the  ele- 
ments representing  the  columns.  The  results  of  this  secot  group 
of  analyses  arc  then  checked  against  the  design  criteria  of  Sec- 
tion 6 to  determine  the  adequacy  of  the  frame  members. 
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SECTION  8 


USER'S  MANUAL  FOR  DYNFA 


8.1  Introduction 


The  material  presented  in  this  User's  Manual  includes  a sum- 
mary of  the  program  capabilities,  descriptions  of  the  input  data, 
specifications  of  the  computer  usage,  dimensional  limitations  of 
the  program,  and  the  formats  for  the  input  data  cards.  A graphical 
illustration  showing  the  arrangement  of  a typical  data  deck  is 
presented  at  the  end  of  the  section.  The  prin  .ed  output  of  the 
program  is  described  In  Section  9. 

8.2  Capabilities  of  Program 

The  DYNFA  program  performs  a mul ti -degree-of- freedom  non- 
linear dynamic  analysis  of  a frame  structure  subjected  to  arbi- 
trary time-dependent  leadings.  The  program  considers  the  P-A 
and  beam-column  effects  in  the  analysis.  In  addition,  the  program 
contains  a static  analysis  routine.  When  this  routine  is  utilized, 
the  static  nodal  displacements  and  element  loads  are  used  as  the 
Initial  conditions  for  the  dynamic  analysis. 

The  results  of  the  dynamic  analysis  consist  of  the  deforma- 
tions of  the  structure  expressed  In  terms  of  the  nodal  displace- 
ments and  ro;ations,  the  axial  loads,  bending  moments  and  shears 
in  each  of  the  elements,  and  the  plastic  deformations  expressed 
in  terms  of  ductility  ratios  for  the  elements. 

8.3  Input  Data 

The  input  data  are  transmitted  to  the  computer  program  via 
punched  cards  containing  the  following  data  which  are  related  t* 
the  analytical  model  of  the  structure: 

1.  The  coordinates  of  the  nodal  points  in  & right-handed 
Cartesian  coordinate  system. 

2.  The  translational  and  rotational  restraints  specified 
for  the  support  nodes. 

3.  The  masses  assigned  to  the  mass  points. 

4.  The  nodal  connectivities,  cross-sectional  properties, 
and  the  axial  load  and  bending  moment  capacities  of 
the  elements. 
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5.  The  integration  time  interval  and  the  number  of  these 

time  intervals  for  computing  the  response  of  the  structure. 

6.  The  pressure  waveforms  for  simulating  the  transient 
loading  on  the  structure. 

7.  The  tributary  loading  areas  assigned  to  the  mass 
points  on  the  exterior  members. 

Before  the  input  data  can  be  punched  on  cards.  Identification 
numbers  must  be  assigned  to  the  nodal  points,  elements  and  pres- 
sure waveforms.  Three  distinct  sets  of  Identification  numbers  are 
established:  one  set  for  the  nodal  points,  one  tor  the  elements 

and  a third  for  the  pressure  waveforms.  The  numbers  in  each  set 
must  be  in  sequential  order  beginning  with  the  number  I;  gaps  in 
the  numbering  are  not  permissible.  The  appropriate  identification 
number  must  be  entered  on  input  cards  containing  data  pertaining 
to  any  of  the  aforementioned  input  parameters.  Figure  56  shows 
identification  numbers  for  the  nodal  points  and  elements  of  a 
typical  model.  In  the  figure,  the  element  numbers  are  enclosed  in 
circles  in  order  to  distinguish  them  from  the  nodal  point  numbers, 
it  is  often  desirable  to  do  this  in  order  to  avoid  confusion. 

Additional  information  pertaining  to  the  various  input  quan- 
tities is  contained  in  the  following  sections. 

8.4  Nodal  Coordinates 


The  nodal  coordinates  locate  the  position  of  the  nodal  points 
with  respect  to  the  origin  of  a right-hand  Cartesian  coordinate 
system  (commonly  referred  to  as  the  global  coordinate  system). 

The  orientation  of  this  coordinate  system  and  the  location  of  its 
origin  is  chosen  by  the  analyst.  The  nodal  coordinates,  in  effect, 
define  the  geometry  of  the  analytical  model. 

The  sign  convention  of  the  global  coordinate  system  must  be 
rigidly  adhered  to  when  specifying  such  input  parameters  as  the 
nodal  coordinates,  tributary  areas  and  static  loads.  To  facilitate 
the  data  preparation,  the  axes  of  the  global  coordinate  system 
should  be  directed  horizontally  and  vertically,  and  the  positive 
directions  of  these  axes  should  be  established  as  follows: 

1.  The  positive  direction  of  the  horizontal  axis 
should  be  taken  in  the  direction  of  the  propagation 
cf  the  shock  front,  and 

2.  The  positive  vertical  axis  should  be  directed  upward. 
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Figure  56  shows  the  global  coordinate  system  for  a typical 
model.  In  order  to  minimize  the  possibility  of  errors  in  the 
preparation  of  the  Input  data  cards,  the  origin  of  the  global 
system  should  be  located  such  that  most,  if  not  all,  of  the  nodal 
coordinates  are  positive  quantities.  This  Is  accomplished  by 
locating  the  origin  at  the  lower  left-hand  corner  of  the  model, 
as  shown  in  Figure  56. 

In  the  input  data  specifications  and  in  the  printed  output 
of  the  program,  the  global  axes  in  the  plane  of  the  model  are 
designated  as  the  X and  Y axes.  The  global  Z axis  is  perpen- 
dicular to  the  plane  of  the  model.  The  positive  direction  of 
the  global  Z axis  is  established  by  the  application  of  the 
right-hand  rule. 

The  global  coordinate  system  establishes  the  signs  and  di- 
rections of  the  nodal  displacements  computed  by  DYNFA. 

8.5  Conditions  of  Restraint 


Translational  and/or  rotational  restraints  are  specified  for 
nodal  points  corresponding  to  support  points.  Restraints  are 
specified  for  the  individual  components  (translations  in  the  X 
and  Y axes  and  rotation  about  the  Z axis)  of  the  displacement 
vector  at  a nodal  point.  Where  no  restraint  is  apparent,  none 
should  be  specified.  Figure  57  illustrates  tha  manner  in  which 
the  support  conditions  for  a structure  are  specified  in  terms 
of  nodal  restraints. 

Caution  must  be  exercised  when  specifying  this  input  data 
as  errors  will  completely  alter  the  results  of  the  analysis. 

In  addition,  enough  nodes  must  be  restrained  to  prevent  rigid 
body  motion  of  the  model. 

8. 6 Lumped  Masses 

Masses  are  assigned  to  selected  nodal  points  in  the  model. 
The  methods  utilized  to  distribute  the  mass  In  the  model  are  pre- 
sented in  Section  4.3,  Two  masses,  one  for  each  translational 
degree  of  freedom,  may  be  specified  for  each  mass  point;  however, 
the  mass  quantities  specified  for  a single  mass  point  need  not  be 
equal.  Positive  and/or  negative  signs  must  never  be  assigned 
to  these  quantities. 
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8.7  Input  Data  for  Elements 
General 


The  data  required  consists  of  the  nodal  connectivities,  the 
cross-sectional  properties  and  the  axial  load  (tensile  and  com- 
pressive) and  bending  moment  capacities.  The  Input  data  related 
to  the  nodal  connectivities  are  discussed  In  this  section.  The 
other  items  are  treated  in  Section  4.4. 

Nodal  Connectivities 


The  nodal  connectivities,  are  the  nodal  points  at  the  ends  of 
each  element.  These  quantities  define  the  connectivity  of  the 
members  of  the  structure;  hence,  they  establish  the  configuration 
of  the  model . 

The  nodal  connectivities  are  also  used  to  define  a right- 
hand  Cartesian  coordinate  system  associated  with  each  element. 
This  system  is  commonly  referred  to  as  the  local  coordinate 
system.  The  local  axes  in  the  plane  of  the  model  are  designated 
the  x-y  axes;  the  local  axis  perpendicular  to  the  plane  of  the 
model  is  designated  as  the  z axis. 

The  local  x axis  for  an  element  coincides  with  Its  longi- 
tudinal axis;  the  direction  of  the  local  x axis  is  determined  by 
the  order  in  which  the  nodal  connectivities  are  entered  on  the 
element  input  card.  The  first  nodal  point  number  punched  on  the 
element  card  is  taken  by  DYNFA  as  the  origin  of  the  local  system. 
The  positive  direction  of  the  x axis  is  from  the  first  to  the 
second  nodal  point  number  specified  for  the  element.  The  direc- 
tion of  the  positive  z axis  taken  by  the  program  to  be  Identical 
to  that  chosen  by  the  analyst  for  the  global  Z axis.  The  posi- 
tive direction  of  the  local  y axis  is  determined  In  the  program 
by  the  application  of  the  right-hand  rule.  The  local  coordinate 
system  for  an  element  is  shown  In  Figure  58.  The  designations 
JA  and  JB  In  the  figure  refer  to  the  first  and  second  nodal 
points  entered  on  the  element  Input  card. 

Local  coordinate  systems  for  col Inear  and/or  parallel  ele- 
ments should  have  the  same  orientation.  In  this  way,  the  axial 
loads  and  shears  for  these  elements  will  conform  to  the  same 
sign  convention.  It  is  also  recommended  that  the  elements  repre- 
senting a single  frame  member  be  numbered  sequentially,  and  that 
the  numbering  of  these  elements  begin  at  one  end  of  the  member 
and  proceed  to  the  other  end.  In  this  manner,  the  loads  and 
bending  moments  for  the  member  will  be  printed  out  in  a properly 
ordered  block  of  data. 
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Pinned  Connections  of  Elements 


In  the  DYNFA  analysis,  It  Is  assumed  that  the  relationships 
between  all  force  and  displacement  vector  components  of  an  ele- 
ment are  governed  by  Identical  continuity  and  equilibrium  equa- 
tions. In  many  structures,  there  may  be  local  deviations  from 
this  condition.  In  frame  structures,  such  deviations  are  caused 
by  non-rigid  member  connections  and  other  types  of  structural 
discontinuities  such  as  splices  In  the  span  of  a member  or  the 
pinned  connections  of  diagonal  braces  In  braced  frames.  The 
DYNFA  program  has  provisions  for  Including  these  structural  dis- 
continuities in  the  analysis.  In  DYNFA,  structural  discontinuity 
Is  simulated  by  Inserting  a local  pin  at  the  end  of  an  element. 

The  specification  of  a local  pin  Indicates  that  the  moment  at  the 
pinned  end  of  the  element  is  zero.  Local  pins  produce  discon- 
tinuities in  the  individual  elements  for  which  they  are  specified; 
they  do  not  alter  the  conditions  of  continuity  end  equilibrium 
for  other  elements.  Figure  59  illustrates  the  manner  in  which 
several  types  of  member  connections  are  specified  In  terms  of 
local  pins. 

The  careless  use  of  local  pins  can  lead  to  errors  In  the 
analysis.  Where  a moment  discontinuity  exists  at  the  intersection 
of  two  elements,  only  one  intersecting  element  should  be  pinned; 
pinning  both  elements  at  the  same  node  will  produce  a singularity 
In  the  system  stiffness  matrix  causing  a premature  abortion  of 
the  program  execution.  Local  pins  should  never  be  used  to  specify 
a pinned  support  node.  The  pinned  conoition  at  a support  node  is 
automatically  created  by  the  exclusion  of  a rotational  restraint 
for  the  node. 

8.8  Integration  Time  Interval  and  Duration  of  Response 
Integration  Time  Interval 

Determining  the  integration  time  interval,  to  be  utilized 
for  the  numerical  integration,  involves  estimating  the  frequency 
of  the  highest  mode  of  vibration  of  the  model.  The  Increment  to 
be  used  should  be  approximately  1/20  of  the  period  of  vibration 
of  the  highest  mode  In  the  model,  whether  it  be  an  extensional 
or  bending  mode. 

The  equation  for  the  period  of  the  primary  extensional  mode 
of  a member  is: 


Tg  = 2ir/LMe/ AE 


(34) 
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where  Ta  ■ the  period  of  the  primary  extenslonal  mode 

L * the  total  length  of  the  member 

Mg  3 the  concentrated  mass  at  the  end  of  the 
member.  The  mass  utilized  Is  associated 
with  the  dynamic  degree-of- freedom  In  the 
direction  of  the  longitudinal  axis  of  the 
member.  When  masses  are  concentrated  at 
both  ends  of  a member,  the  lesser  of  the 
two  should  be  used  to  compute  the  period. 

A 3 the  cross-sectional  area  of  the  member 

E 3 the  modulus  of  elasticity  of  the  material. 

The  bending  modes  considered  comprise  the  higher  order 
bending  modes  of  the  Individual  members.  Only  members  with  in- 
termediate mass  points  are  Investigated.  The  general  equation 
for  computing  the  natural  period  of  vibration  for  the  bending 
mode  of  a beam  is: 

Tb  3 (l/Ovfi^TiT  (35) 

where  the  parameters  L and  E are  defined  above  and  the  remaining 
parameters  are  defined  below: 

Tb  3 the  natural  period  of  vibration 

M-f  3 the  sumnatlon  of  the  masses  at  all 

intermediate  mass  points  on  the  member 

I 3 the  moment  of  inertia  of  the  member 

C 3 constant 

Values  of  the  constant  "C"  are  provided  In  Table  7 for  beams 
with  up  to  four  Intermediate  mass  points  between  supports.  In 
the  table,  data  are  provided  for  members  with  different  support 
conditions.  In  choosing  which  support  condition  applies  for  a 
given  member,  consideration  should  be  given  to  the  rotational 
restraint  provided  at  the  ends  of  the  member  by  adjoining  members. 
Only  the  period  of  the  highest  mode  cf  the  member  Is  required. 

The  proper  selection  of  an  Integration  time  Interval  Is 
mandatory  when  utilizing  numerical  integration  procedures. 

Using  an  increment  that  Is  too  large  will  result  In  a numerical 
Integration  which  either  produces  erroneous  results  or  becomes 
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unstable;  while  using  an  Increment  that  Is  too  small  entails 
greatly  Increased  computer  costs. 

Duration  of  Response 

The  number  of  Integration  time  Intervals  specified  In  the 
Input  Is  determined  on  the  basis  of  the  natural  period  of  the 
sldesway  mode  of  the  frame.  General ly,  the  response  Is  computed 
for  a duration  of  one  half  the  period  of  the  sldesway  mode.  In 
most  cases,  all  of  the  significant  responses  will  occur  during 
this  time  Interval.  If  the  rebound  of  the  frame  Is  desired,  the 
computation  of  the  response  Is  extended  to  a duration  equal  to 
the  period  of  the  sldesway  mode. 

The  sidesway  natural  period  of  single-story  rectangular 
frames  Is  computed  using  the  following  equation: 


where 


Ts  * 

Ts  * 

me  = 


the  natural  period  of  the  frame 


(36) 


the  equivalent  mass  of  the  frame  consisting 
of  the  total  roof  mass  plus  one  third  of 
the  column  and  wall  masses 


K = the  stiffness  factor  for  single-story 
rectangular  frames  subjected  to  uniform 
horizontal  loads.  This  quantity  is 
defined  In  Table  8. 

Kl  = a load  factor  that  modifies  K 
= 0.55(1  - 0 .253) 

6 = base  fixity  factor  (l.e.,  B = 0 for  a 
pinned  base  and  6 = 1 for  a fixed  base) 

The  natural  period  for  rigid  frames  with  supplementary 
diagonal  tracing  is  given  by: 


Ts  = 2Tr/nie/(KK|_  + Kt) 


(37) 


All  parameters  In  this  equation,  with  the  exception  of  K^,  are 
defined  above.  Kk  Is  the  horizontal  stiffness  of  the  diagonal 
bracing  system  which  is  given  by: 


Kb  = (nAbEcos3Y)/L 


(38) 


1 
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where  n = the  number  of  diagonal  braces 

Ab  ■ the  cross-sectional  area  of  a diagonal 
bracing  member 

y » the  angle  between  the  bracing  member  and 
a horizontal  plane 

Note  that  the  frame  sclffness,  K,  is  zero  for  braced  frames 
with  non-rigid  connections. 

The  number  of  time  Increments  specified  in  the  Input  Is 
computed  as  shown  below: 

NDT  * 1 + Tf/At  (39) 

where  NDT  = the  number  of  time  increments  specified 
in  the  Input 

Tf  = the  desired  duration  of  the  response 

At  = the  Integration  time  increment 

When  computing  NDT,  the  quotient  Tf/At  is  always  rounded  off 
to  a whole  number. 

Time  Interval  for  Printed  Output 

An  additional  time  parameter  can  be  specified  in  the  Input. 
This  parameter  indicates  the  number  of  integration  time  stations 
to  be  skipped  in  the  printed  output.  Since  the  significant  re- 
sponses of  the  structure  occur  in  low  frequency  modes,  the  re- 
sponse need  not  be  printed  out  at  every  integration  time  station 
as  much  of  these  data  would  be  of  little  Interest.  Generally, 
the  time  interval  utilized  for  printing  the  response  output  is 
taken  as  ,0  to  20  times  the  integration  time  increment. 

8 . 9 Pressure-Time  Histories  and  Tributary  Areas 

General 


The  blast  loading  on  the  frame  Is  specified  in  two  parts. 
The  first  part  consists  of  the  pressure-time  histories;  the 
second  part  consists  of  the  tributary  areas  assigned  to  the  mass 
points.  Methods  for  computing  these  data  are  provided  In  Sec- 
tion 5. 
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Input  Specification  of  Pressure-Time  Histories 

The  Input  specification  of  each  waveform  consists  of  the 
pressures  acting  at  discrete  times.  The  waveform  Is  approximated 
In  the  analysis  by  a series  of  Intersecting  linear  segments. 

Each  waveform  must  be  defined  for  a time  Interval  which  begins  at 
t = 0.0  second  and  extends  through  the  specified  duration  of  the 
response.  Intervals  of  zero  pressure  must  be  accounted  for  In 
the  Input.  Figures  60  and  61  show  the  digitized  pressure-time 
data  that  are  entered  In  the  Input  for  the  typical  waveforms 
depicted  In  Figures  28  and  29,  respectively.  Note  that  the 
digitized  data  specification  for  each  waveform  Includes  the  time 
Interval  during  which  the  pressure  Is  zero. 

Each  pressure  waveform  must  be  assigned  an  Identification 
number.  These  numbers  are  used  by  DYNFA  to  match  the  pressure 
waveforms  with  the  corresponding  tributary  areas. 

Input  Specification  of  Tributary  Areas 

The  assignment  of  the  tributary  areas  to  the  various  mass 
points  Is  described  In  Section  5.2.  Each  Input  card  containing 
tributary  areas  must  also  contain  the  nodal  point  number  of  the 
mass  point  to  which  the  areas  are  assigned.  Two  areas  may  be 
entered  for  each  mass  point.  Each  tributary  area  that  Is  entered 
in  the  Input  must  be  accompanied  by  the  appropriate  pressure 
waveform  Identification  number. 

8.10  Specification  of  Dead  and  Live  Loads 

The  static  analysis  routine  In  DYNFA  Is  provided  for  the 
purpose  of  performing  the  dead  and  live  load  analyses  of  frames. 
Two  types  of  static  loadings  can  be  specified  in  the  input. 

The  first  consists  of  uniformly  distributed  loadings  on  the 
elements.  The  direction  of  these  loads  Is  established  by  speci- 
fying the  axis  of  the  global  system  (X,  -Y)  in  which  they  act. 

The  second  type  consists  of  concentrated  loads  applied  directly 
to  nodal  points.  Concentrated  nodal  loads  conform  to  the  sign 
convention  of  the  global  coordinate  system. 

The  dead  load  supported  by  a frame  consists  of  the  weight 
of  all  roof  structure  and  some  wall  structure  within  Its  tribu- 
tary strip  of  the  building.  The  distribution  of  the  dead  load 
of  the  roof  Is  dependent  upon  the  positioning  of  the  purlins. 

When  the  purlins  are  parallel  to  the  frame,  the  dead  loads  of  the 
roof  are  distributed  In  the  following  manner: 
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1.  The  weight  of  decking  supported  by  the  girder, 
plus  its  own  weight,  Is  applied  as  a uniformly 
distributed  load  to  the  elements  representing  the 
member. 

2.  The  remainder  of  the  roof  dead  load  Is  applied 

a series  of  concentrated  nodal  loads  at  the  girder/ 
column  Intersections. 

When  the  purlins  are  positioned  normal  to  the  frame,  either 
of  two  procedures  are  utilized,  depending  upon  the  number  of  pur- 
lins supported  within  the  span  of  a particular  girder.  In  cases 
involving  girders  supporting  three  or  less  purlins,  the  follow- 
ing procedure  should  be  utilized: 

1.  The  weight  of  the  girder  Is  applied  as  a uniform 
load  to  the  elements  representing  the  member. 

2.  The  weight  of  a purlin  and  the  decking  It  sup- 
ports Is  applied  as  a concentrated  load  to  the 
nodal  point  corresponding  to  the  purlin/girder 
connection. 

3.  The  remaining  dead  load  of  the  roof  supported 

by  the  frame  Is  applied  as  a series  of  concentrated 
loads  at  the  girder/column  Intersections. 

When  more  than  three  purlins  are  supported  within  the  spar  of  a 
girder,  all  weight  supported  by  the  member,  plus  Its  own  weight. 

Is  applied  as  uniformly  distributed  loads  to  the  elements  rep- 
resenting the  girder. 

It  Is  debatable  as  to  what  portion  of  the  wall  structure 
Is  supported  by  the  frame.  Certainly,  the  columns  support  them- 
selves; hence,  the  weight  of  these  members  is  applied  as  uniform 
loads  to  the  elements  representing  them.  In  single-story  build- 
ings, the  secondary  structure  of  an  exterior  wall  supports  itself. 
However,  it  is  conceivable  that  blast-induced  failures  in  the 
siding  or  in  the  connections  of  the  siding  to  its  support  could 
result  in  the  redistribution  of  part  or  all  of  the  dead  load  of 
the  wall  structure  to  the  column.  To  account  for  this,  one  half 
of  the  weight  of  the  secondary  structure  of  the  wall  is  applied 
as  a concentrated  nodal  load  at  the  exterior  girder/column 
connection. 
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8.11  Computer  Usage  and  Restrictions 

The  DYNKA  program  Is  written  In  FORTRAN  IV  for  the  CDC 
6600  computer.  The  FORTRAN  coding  of  the  program  Is  given  In 
Appendix  D. 

The  size  restrictions  Imposed  by  the  dimensional  constraints 
of  the  program  are  summarized  as  follows: 


Item 

Number  of  nodal  points 

Number  of  nodal  points  with 
restraints 

Number  of  mass  points 

Number  of  beam  elements 

Number  of  pressure  waveforms 

Number  of  discrete  time  stations 
for  each  pressure  waveform 

Number  of  nodal  points  with 
assigned  tributary  areas 

Number  of  nodal  points  with 
concentrated  loads  (static) 

Number  of  Integration  time 
increments 

Number  of  output-time  stations 
8.12  Units 


Maximum  Number 
30 

30 

30 

30 

30 

« 

20 

30 

30 

Unlimited 

Unlimited 


The  program  utilizes  either  the  International  System  (SI) 
or  the  U.S.  System  of  Units.  The  SI  Units  are  contained  In  the 
program;  whereas  the  U.S.  Units  must  be  requested  by  the  user  In 
the  Input.  The  units  for  the  various  Input  parameters  are  pro- 
vided In  Section  8.13.  The  units  used  In  the  output  are  speci- 
fied In  Table  9. 
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8. 1 3 Formats  of  Input  Data  Cards 


Introduction 

This  section  presents  the  formats  used  for  specifying  the 
various  Input  parameters. 

There  are  15  types  of  cards  used  to  specify  the  Input  data 
for  this  program  In  addition  to  a terminator  card  required  to 
signify  the  end  of  the  data.  Each  type  of  card  is  described 
below  In  terms  of  data  format,  definition  and  field  allocations. 
The  numbers  above  the  graphic  representation  of  each  ca»*d  iden- 
tify the  last  column  In  each  data  field  of  that  card.  The 
letters  below  designate  the  format  for  the  data.  In  fields 
designated  "I",  the  quantity  entered  must  be  right-adjusted  to 
the  last  column  in  the  field.  A decimal  point  must  not  be  used 
with  "I"  formatted  input  data.  In  the  fields  designated  "F", 
a decimal  point  Is  required;  however,  the  number  can  be  located 
anywhere  within  the  field.  Fields  designated  "A"  may  contain 
alphanumeric  data.  A plus  sign  for  a positive  quantity  must  not 
be  used  as  It  will  abort  the  execution  of  the  program.  Minus 
signs  for  negative  quantities  must  be  placed  In  the  first  blank 
column  to  the  left  of  the  number. 

Structural  Data  Cards 


Card  Type  1 : Structure  Description  Card  (Required) 
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STRUCTURE  DESCRIPTION  CARD 
("A"  FORMAT) 

This  card  may  contain  alphanumeric  Information  In  Columns  1-80. 
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■ -- VVrtriV 


Card  Type  2:  Problem  Specification  Card  (Required) 


5|  10 

15 

20 

25 

30 

35 

45 

55 

NELM^NCOE 

NNOR 

NNOW 

NNOF 

IPP 

IMPV 

E 

YFACT 

T 11 T 1 

FORMAT 

k-*F"  FORMAT-*-! 

55 

60 

65|  70 

78 

eo 

NELAS 

ND£AD|NLNOOE 

■ 

NU 

^ II  j M 

FORMAT * 

(I) 

NELM  = Number  of  elements 

NNODE  = Number  of  nodal  points 

NNOR  = Number  of  nodal  points  with  restraints 

NNOW  * Number  of  nodal  points  with  assigned  masses 

(number  of  mass  points) 

NNOF  * Number  of  nodal  points  subjected  to 
blast  loads  (<.  NNOW) 

IPP  ■ 1 The  program  prints  the  nodal  displacements 
and  rotations  at  every  output  time  station. 
If  this  parameter  Is  omitted,  the  nodal 
displacement  history  will  be  excluded  from 
the  output. 

IMPV  = 1 The  program  prints  the  element  end  loads 
(axial  load,  shear  and  bending  moment) 
at  every  output  time  station.  If  this 
paraneter  Is  omitted,  the  element  end 
loads  will  be  excluded  from  the  printed 
output. 

E = Modulus  of  elasticity  (SI  Units:  kilopascal; 

U.S.  Units:  pounds  per  square  Inch). 

YFACT  = Fraction  of  elastic  stiffness  utilized  after 
yielding  (see  Section  3.3).  If  this  parameter 
is  omitted,  a value  of  0.05  is  used  by  the 
program. 
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NELAS  = 0 Normal  Option:  The  program  performs  an 
elastic-plastic  analysis  of  structure. 

= 1 Inelastic  behavior  of  elements  will  not 
be  considered  In  the  analysis. 

NDEAD  = 0 Normal  Option:  Program  performs  static 

analysis  on  structure  prior  to  the  start 
of  dynamic  analysis. 

= 1 Static  analysis  of  structure  is  omitted. 

NLNODE  = Number  of  nodal  points  with  static  loads. 

If  concentrated  loads  are  applied  to  some 
of  the  nodal  points,  an  entry  must  be  made 
in  the  field. 

This  parameter  is  omitted  if  concentrated 
nodal  loads  are  not  utilized. 

N'J  ~ US:  The  program  accepts  the  input  in  the 
U.S.  System  of  Units.  If  no  entry  is  made 
in  the  field,  the  input  is  assumed  to  be 
in  SI  Units. 


Card  Type  3:  Nodal  Coordinates  Card  (one  card  is  required 
for  each  nodal  point) 


NODE  NO  = The  nodal  point  number 

X,  Y = Nodal  coordinates  in  the  global  coordinate 

system  (SI  Units:  meter;  U.S.  Units:  inch)  \ 
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Card  Type  4:  Nodal  Restraint  Card  (Enter  restraint  cards  only 
for  support  nodes  - see  Fig  57) 


10 

20 

30 

40 

NODE  NO 

rX 

rY 

'0 

("I"  FORMAT -ALL  FIELDS) 


NODE  NO  = The  nodal  point  number 

ry  = 1;  component  of  the  nodal  displacement 
A in  the  direction  of  the  global  X axis 
is  restrained- 

= 0;  no  restraint  applied. 

ry  - 1;  component  of  the  nodal  displacement 
in  the  direction  of  the  global  Y axis 
is  restrained. 

= 0;  no  restraint  applied. 

r0  = 1;  ‘"otatlon  at  nodal  point  is  restrained. 

= 0;  no  restraint  applied. 


Card  Type  5:  Nodal  Mass  Card  (Enter  cards  for  mass  points  only.) 


NODE  NO  = The  nodal  point  number  of  the  mass  point 

MX  = Nodal  mass  assigned  to  dynamic  degree-of- 
freedom  in  X-direction 

MY  = Nodal  mass  assigned  to  dynamic  degree-of- 
freednm  in  Y-direction 


S3 


UNITS:  SI  System  - kilogram 

U.S.  System  - pound-force  (conversion  to 

units  of  mass  done  by  program) 


Card  Type  6:  Element  Cards  (one  card  required  for  each  element) 


5 

10 

15 

18 

J9 

20 

30 

40 

ELEM  NO. 

JA 

JB 

% 

Pa 

% 

A 

I 

"I"  FORMAT J 

"F"  FORMAT  — ► 

40 

50 

60 

70 

80 

Mma 

P> 

Pu- 

l- *fm  format -1 

ELEM  NO  = The  element  number 

JA  = Nodal  point  at  end  A of  element 
(see  Fig  58) 

JB  = Nodal  point  at  end  B of  element 

PA  » 1:  Local  pin  at  end  A of  element 
(see  Fig  59) 

PB  = 1:  Local  pin  at  end  8 of  element 
(see  Fig  59) 

A = Cross-sectional  area  (SI  Units:  centimeter 

square;  U.S.  Units:  inch  square) 

I = Moment  of  Inertia  (SI  Units:  centimeter 
fourth;  U.S.  Units:  Inch  fourth) 

f\„A  Ultimate  bending  capacity  of  element  at 
end  A (SI  Units:  kllonewton-meter; 

U.S.  Units:  pound-inch) 

M^b  “ Ultimate  bending  capacity  of  element  at 
end  B (Units:  see  above) 
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4 '.Jw'.t  lj  I.  _ 


PD  = Ultimate  dynamic  load  capacity  In  axial 
M tension  (SI  Units:  kilonewton;  U.S. 

Units:  pound) 

Pu  = Ultimate  dynamic  load  capacity  in  axial 
compression  (Units:  see  above) 


Card  Type  7: 

Dampinq  (Required) 

JO 

DAMP 

(F) 

DAMP  = Percentage  of  damping  expressed  as  a 
decimal 

Card  Type  8:  Integration  Time  Card  (Required) (Section  8.8) 


5 

10 

20 

30 

H 

NDT 

DT 

NSKIP 

(I) 

(P) 

(I) 

NDT  = Total  number  of  time  integration  steps 


DT  * Integration  time  interval  (Units:  second) 

NSKIP  = Number  of  integration  time  steps  to  be 
skipped  between  printout  of  structure's 
response.  For  most  applications,  specify: 
10  <_  NSKIP  £ 20.  An  entry  is  required 
when  the  quantity  one  (1)  is  entered  for 
the  parameters  IPP  and  IMPV  on  Card  Type  2. 


Loading  Data  Cards 

Input  Cards  for  Dynamic  Loads 

The  Input  required  for  each  pressure  waveform  consists  of 
one  Pressure  Waveform  Specification  Card  (Card  Type  10)  plus 
several  P-T  Cards  (Card  Type  11).  One  P-T  card  is  required  for 
each  point  in  the  waveform.  All  of  the  input  cards  for  a wave- 
form must  be  grouped  together  in  the  data  deck. 
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Card  Type  9:  Loading  Specification  Card  (Required) 


Card  Type  10:  Pressure  Waveform  Specification  Card 
(one  card  required  for  each  waveform) 


(I)  (I) 


WF  NO  = Pressure  waveform  Identification  number 

NPOINT  = Number  of  points  (pressure  versus  time) 
in  waveform 


Card  Type  1 1 : P-T  Card  (one  card  required  for  each  point  In 

waveform)  (see  Fig  60  and  61) 


P-j  = The  pressure  of  point  i (SI  Units:  kilo- 

pascal;  U.S.  Units:  pound  per  square  inch) 

T-j  = The  time  associated  with  point  i 
(Units:  second) 


i 

3 

3 

1 


■i 


1 
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Card  Type  12:  Tributary  Area  Card  (enter  cards  only  for  mass 
points  subjected  to  blast  loads) 


10 

20 

30 

40 

50 

NODE  NO 

AFX 

INDXX 

ArY 

INDXY 

(I)  (F)  (I)  (F)  (I) 


NODE  NO  = The  nodal  point  number 

AFX  = The  tributary  area  associated  with  dynamic 
degree-of-freedom  In  the  X-di recti on 
(SI  Units:  meter  square;  IJ.S.  Units: 

Inch  square) 

INDXX  “ Identification  number  of  pressure  waveform 
associated  with  load  in  the  X-di recti on 

AFY  = The  tributary  area  associated  with  dynamic 
degree-of-freedom  in  the  Y-di recti on 
(Units:  see  above) 

INDXY  = Identification  number  of  pressure  waveform 
associated  with  load  in  the  Y-direction 

NOTE:  1.  The  quantities  AFX  and  AFY  can  be  positive 

or  negative  depending  on  the  direction  of 
the  applied  force  with  respect  to  the 
global  coordinate  system. 


Input  Cards  for  Static  Loads 


Card  Type  13:  Element  Uniform  Loads  Direction  Indicator  Card 
(Required) 

21 


(A) 

ADIR  * The  direction  of  the  uniform  loads 

specified  in  terms  of  the  axis  of  the 
global  coordinate  system  in  the  direc- 
tion of  the  applied  loads.  If  the 
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loads  act  in  the  negative  direction  of 
the  axis,  a minus  sign  must  be  included 
(l.e.,  -X,  -Y).  The  entry  must  be 
right-adjusted  in  the  field. 


Card  Type  14:  Element  Uniform  Loads  Card  (one  card  Is 

required  for  each  element) 


ELEM  NO  = The  element  number 

WUNIF  = The  uniform  load  acting  on  the  element 

(SI  Units:  kilogram  per  meter;  U.S.  Units: 

pound-force  per  inch) 


Card  Type  15:  Nodal  Load  Cards  (enter  cards  only  for  those 
nodes  at  which  static  loads  are  acting) 


10 

20 

30 

40 

NODE  NO 

FX 

FY 

MZ 

mm 

(I) 

— “f 

FORMAT  J 

NODE  NO  = The  nodal  point  number 

FX  = Static  load  in  X-dlrection  (SI  Units:  kilo- 

gram; U.S.  Units:  pound-force) 

FY  = Static  load  in  Y-dlrection  (Units:  see  above) 

MZ  = Static  moment  around  Z-axis  (SI  Units:  kilo- 

gram-meter;  U.S.  Units:  pound-force-inch) 

NOTE:  The  number  of  these  cards  (Card  Type  15) 
entered  must  be  specified  by  an  entry 
for  the  parameter  NLNODE  on  Card  Type  2. 
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End  of  Data  Indicator 


The  word  "END"  must  be  punched  In  card  columns  1 
through  3. 


8.14  Arrangement  of  Input  Data  Deck 

A graphical  representation  of  a typical  Input  data  deck  Is 
provided  in  Figure  62.  Note  that  the  data  cards  containing  each 
of  the  principal  Input  quantities  (nodal  coordinates,  masses, 
etc.)  are  entered  In  a separate  block  of  cards. 

8.15  Multiple  Job  Processing 

Several  problems  can  be  processed  In  one  computer  run  by 
simply  stacking  the  Input  data  decks  for  each  problem  one  after 
the  other.  The  end  of  data  Indicator  Is  then  placed  after  the 
last  data  deck. 
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SECTION  9 


COMPUTER  PROGRAM  OUTPUT 


9.1  Introduction 


This  section  presents  a description  of  the  printed  output 
of  DYNFA.  Included  also  Is  a discussion  on  the  utilization  of 
the  output  for  the  design  of  the  frame  members. 

The  printed  output  of  the  computer  program  consists  of  four 
parts : 

1.  A summary  of  the  units  (in  either  the  SI  or  U.S.  System 
of  Measurement)  for  the  input  and  output  parameters. 

2.  A summary  of  the  input  data  for  the  analysis. 

3.  The  response  of  the  structure  tc  the  applied  loads. 

4.  A compilation  of  significant  response  parameters. 

The  first  item  requires  no  further  explanation;  the  others 
are  described  In  the  remainder  of  this  section.  Samples  of  the 
printed  output  are  provided  in  Appendix  B. 

9 . 2 Summary  of  the  Input  Data 

The  second  part  of  the  output  consists  of  a printed  summary 
of  the  input  data  entered  on  punched  cards.  The  data  printed  in- 
cludes the  program  control  parameters;  the  nodal  coordinates, 
restraints  and  masses;  the  element  table  containing  the  element 
nodal  connectivities,  cross-sectional  properties  and  capacities; 
the  pressure  waveforms  and  tributary  areas;  and  the  aead  and  live 
loads  in  the  form  of  uniform  loads  on  the  members  and  concentrated 
loads  at  the  nodes.  Presentation  of  the  input  in  this  form 
facilitates  checking  of  these  data. 

9.3  Response  of  the  Structure 

The  response  of  the  structure  to  either  static  or  dynamic 
loads  can  be  expressed  in  terms  of  the  following  parameters: 

1.  The  displacements  of  the  nodal  points. 

2.  The  axial  loads,  shears  and  bending  moments  at 
the  ends  cf  the  elements. 


3.  The  elastic  and  plastic  components  of  the  rotations 
at  the  ends  of  the  elements. 

In  the  printed  output  of  DYNFA,  the  structure's  response  to 
static  loads  is  expressed  in  terms  of  the  nodal  displacements 
and  element  end  loads  (parameters  1 and  2 listed  above);  and  its 
response  to  blast  loads  is  expressed  in  terms  of  time  histories 
of  all  three  of  the  parameters  listed  above.  The  printing  se- 
quence consists  of  the  structure's  response  to  the  static  loads 
followed  by  Its  response  to  the  blast  loads. 

The  units  utilized  for  the  output  of  the  response  are  given 
In  Table  9. 

The  format  of  the  printed  output  of  the  dynamic  response 
consists  of  three  tabulations  of  data,  one  for  each  of  the  param- 
listed  above.  These  data  are  printed  out  at  every  output  time 
station  (see  Section  8.8).  Each  output  time  station  is  identi- 
fied by  Its  respective  response  time  which  is  printed  just  prior 
to  the  three  tabulations  of  response  data.  The  first  tabulation 
of  response  data  contains  the  displacements  of  all  of  the  nodal 
points  In  the  model.  Three  components  of  displacement  are  printed 
for  each  nodal  point.  They  are  the  translations  in  the  X and  Y 
directions  of  the  global  coordinate  system  and  the  rotation  about 
the  global  7.  axis. 

Immediately  following  the  displacements  are  the  element  axial 
loads,  shears  and  bending  moments.  These  quantities  are  refer- 
enced to  the  local  coordinate  systems  of  the  respective  elements 
as  shown  in  Figure  63.  The  quantities  printed  and  the  symbols 
used  to  identify  them  in  the  output  are  listed  as  follows: 

1.  The  element  number  (ELEM) 

2.  The  axial  load  at  end  A (PA). 

3.  The  ratio  of  the  axial  load  at  end  A to  the  axial 
load  capacity  (PA/PC).  The  capacity  used  for 
the  computation  depends  upon  whether  the  load 

is  tension  or  compression. 

4.  The  shear  at  end  A (VA). 

5.  The  bending  moment  at  end  A (MA). 

6.  The  ratio  of  the  bending  moment  at  end  A to  the 
bending  moment  capacity  of  the  element  at  end  A 
(MA/MMA) . 
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The  shear  at  end  B (VB). 

8.  The  bending  moment  at  end  B (MB). 

9.  The  ratio  of  the  bending  moment  at  end  B to  the 
bending  moment  capacity  of  the  element  at  end  B 
(MB/MMB) . 

All  of  the  ratios  (Items  3,  6 and  9)  are  printed  as  the 
absolute  value  of  the  quantity. 

The  third  tabulation  of  data  consists  of  the  elastic  and 
plastic  components  of  the  element  end  rotations  (see  Section  6.2 
and  Fig  37  and  38).  These  quantities  are  not  printed  for  the 
static  load  case.  The  rotations  are  computed  and  printed  out  at 
both  ends  of  each  element.  When  the  end  of  the  element  Is  In  the 
elastic  condition,  the  elastic  rotation  varies  with  time,  while 
the  plastic  component  remains  constant  at  a value  of  zero.  In  the 
plastic  condition,  the  elastic  component  remains  constant,  while 
the  plastic  component  varies.  The  plastic  rotation  Increases  In 
magnitude  until  a peak  value  Is  reached,  at  which  time  the  program 
records  the  peak  value  and  resets  tie  plastic  component  to  zero. 
Successive  deformations  are  recorded  as  elastic  rotations  until 
the  element,  once  again,  attains  the  plastic  condition. 

In  some  cases,  anomalies  occur  In  the  time  histories  of  the 
element  end  rotations.  The  most  common  occurrence  is  a decrease 
In  the  moment  while  the  element  Is  In  the  plastic  condition. 

This  Is  caused  by  an  increase  In  the  axial  load  occurring  simul- 
taneously with  the  decrease  in  the  bending  moment.  As  discussed 
In  Section  3.3,  the  time  dependency  of  the  bending  moment  Is  not 
related  to  that  of  the  axial  load.  In  addition,  the  rate  of 
change  of  the  axial  load  is  much  greater  than  that  of  the  bend- 
inq  moment;  therefore > It  is  conceivable,  upon  inspecting  Equa- 
tion (10)  of  Section  3.3,  that  the  relative  decrease  In  the 
moment  could  be  offset  by  the  relative  increase  in  the  axial  load, 
thereby  Indicating  that  the  element  remains  in  the  plastic  condi- 
tion while  the  moment  Is  decreasing.  The  event  described  gen- 
erally occurs  after  the  peak  plastic  rotation  has  been  achieved. 

It  usually  exists  for  a relatively  short  duration  and  therefore 
has  a negligible  impact  on  the  overall  results  of  the  analysis. 

Another  anomaly  that  might  be  encountered  Is  the  apparent 
fluctuation  of  an  element  Into  and  out  of  the  plastic  condition. 
This  generally  occurs  In  the  early  stages  of  plastic  behavior. 

It  is  again  caused  by  the  differing  time  variations  of  the  axial 
loads  and  bending  moments.  Generally  these  fluctuations  are  short 
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In  duration,  and  as  such,  they  have  a negligible  Impact  on  the 
results  of  the  analysis  and  can  be  Ignored. 

9.4  Compilation  of  the  Significant  Response  Parameters 

A compilation  of  the  significant  response  parameters  Is 
printed  at  the  end  of  the  output.  The  data  printed  consists  of 
the  maxima  and  minima  of  various  response  parameters  together  with 
the  response  times  at  which  the  maxima  and  minima  are  recorded. 

Three  tabulations  of  data  are  provided.  The  first  two  con- 
tain response  data  related  to  the  elements.  The  data  printed  In 
the  first  tabulation,  together  with  the  symbols  to  Identify  each 
parameter  In  the  output,  are  listed  below: 

1.  The  maximum  and  minimum  axial  load  (MAXP)  together 
with  the  corresponding  bending  moment  (ASSOC. M)  and 
shears  (ASSOC. V). 

2.  The  maximum  and  minimum  bending  moments  (MAXK) 
together  with  the  corresponding  axial  loads  (ASSOC. P) 
and  shears  (ASSOC. V).  Included  also  Is  the  moment 
capacity  of  each  element  (printed  under  the  column 
heading  MM)  and  the  ratios  of  the  peak  moments  to  the 
moment  capacities  (MAXM/MK). 

The  above  quantities  are  printed  for  both  ends  of  each 
element. 

The  second  tabulation  contains  the  maximum  and  minimum 
values  of  the  elastic  and  plastic  element  end  rotations,  which 
are  printed  under  che  column  headings  ELAS  and  PLAS,  respectively. 
These  data  are  provided  for  both  ends  of  each  element.  Provided 
also  are  the  maximum  and  minimum  ductility  ratios  computed  using 
the  tabulated  maximum  and  minimum  element  end  rotations.  The 
ductility  ratios  are  listed  under  the  column  heading  D.R.  In- 
cluded with  the  ductility  ratios  are  the  axial  load  to  tensile 
capacity  ratios  (printed  under  the  column  heading  P/PP  which 
occur  when  the  maximum  and/or  minimum  plastic  rotations  are 
achieved.  An  Indicator  Is  provided  with  these  ratios  which  speci- 
fies whether  the  axial  load  used  in  the  computation  Is  either  a 
tensile  or  compressive  load.  The  indicators  used  are  letters: 

"T"  for  tension  and  "C"  for  compression. 

The  third  tabulation  consists  of  the  maximum  and  minimum 
values  of  the  three  components  (translations  in  the  X and  Y axes 
and  rotation  about  the  Z axis)  of  the  nodal  displacements.  Here, 
the  column  headings  used  are  X and  Y for  the  translations  and  R 
for  the  rotations. 
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9 . 5 Use  of  the  Printed  Output 
General 


The  output  of  DYNFA  used  for  four  primary  purposes: 

1.  To  detect  errors  in  either  the  input  data  or  the 
analysis. 

2.  To  evaluate  the  response  of  the  structure. 

3.  To  determine  the  adequacy  of  the  frame  members  on 
the  basis  of  the  frame  design  criteria  given  in 
Section  6. 

4.  To  design  the  connections  of  the  frame  members. 

The  first  two  are  explained  in  Problem  A. 5 of  Appendix  A. 

The  third  and  fourth  are  discussed  in  the  suosequent  paragraohs. 

In  order  to  ascertain  the  adequacy  of  the  frame  members, 
three  groups  of  response  quantities  must  be  extracted  from  the 
printed  output  and  then  compared  to  the  design  criteria  specified 
in  Section  6. 

Sidesway  Deflections 

The  first  group  consists  of  the  sidesway  deflections  of 
ea~h  story  of  the  frame.  These  quantities  are  determined  by  com- 
puting the  maximum  differential  displacements  between  stories  of 
the  structure.  Since  all  of  the  stories  usually  attain  their  peak 
sidesway  deflection  at  or  about  the  same  time  in  the  response, 
the  maximum  differential  displacements  generally  can  be  computed 
using  the  tabulated  maxima  and  minima  of  the  nodal  displacements 
printed  at  the  end  of  the  output.  Limiting  values  of  the  side- 
sway deflection  are  given  in  Section  6.1. 

Chordal  Angles 

The  second  group  of  response  data  consists  of  the  maximum 
values  of  the  chordal  angle,  e,  for  all  of  the  exterior  members 
of  the  frames.  The  chordal  angles  are  the  end  rotations  of  the 
individual  members  with  respect  to  a chord  joining  the  member 
ends,  as  illustrated  in  Figures  64  and  65.  Limiting  values  for 
the  chordal  angles  ar-^  specified  in  Section  6.1. 

A chordal  angle  is  determined  by  computing  the  differential 
displacement  between  a nodal  point  at  the  midspan  of  a member  and 
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a chord  joining  the  member  ends.  Dividing  the  differential  dis- 
placement by  one  half  the  member  length  yields  the  tangent  of  the 
chordal  angle. 

The  direction  of  the  nodal  displacements,  utilized  for  the 
computation  of  the  chordal  angle,  must  be  perpendicular  to  the 
initial  position  of  the  longitudinal  axis  of  the  member.  Since 
most  frame  members  are  parallel  to  one  of  the  global  axes,  only 
one  component  of  the  nodal  displacement  (either  the  X or  Y com- 
ponent, as  the  case  may  be)  is  required  for  the  computation. 
However,  if  the  member  is  sloped,  both  transnational  components 
of  the  nodal  displacement  are  used. 

The  computation  of  the  maximum  chordal  angles  for  an  ex- 
terior girder  is  relatively  simple  as  the  vertical  deflections  at 
the  ends  of  the  member  are  normally  quite  small.  Consequently, 
the  chord  joining  the  ends  of  the  member  remains  closely  aligned 
with  the  original  position  of  the  longitudinal  axis  of  the  member. 
Therefore,  the  maximum  differential  displacement  of  the  member 
with  respect  to  the  chord  corresponds  to  the  maximum  vertical 
displacement  of  the  nodal  point  at  the  midspan  of  the  member. 

These  quantities  can  be  extracted  directly  from  the  tabulated 
maxima  and  minima  of  the  nodal  displacements  printed  at  the  end 
g<"  the  output.  Figure  64  < 1 . ustrutc"  the  measurement  uf  the 
chordal  angle  for  a girder. 

The  computation  of  the  chordal  angles  for  exterior  columns 
and  sloped  roof  girders  is  more  involved  as  the  deflections  at  the 
ends  of  these  members  are  of  the  same  order  of  magnitude  as  the 
midspan  deflections;  hence,  the  maximum  differential  displacement 
is  usually  less  than  the  maximum  absolute  displacement  of  the 
nodal  point  at  the  midspan  of  the  member.  Here,  the  differential 
displacement  at  mi'J''nan  is  computed  at  several  time  stations  in 
order  to  determine  the  maximum  value.  In  most  cases,  the  peak 
chordal  rotation  occurs  during  the  time  interval  in  which  the 
member  is  subjected  to  the  blast  pressures.  For  a given  member, 
the  time  interval  to  be  investigated  conmences  with  the  initial 
application  of  the  loading  on  the  member  and  extends  to  a few 
time  increments  beyond  the  time  at  which  the  member  attains  its 
peak  plastic  response.  Figure  65  illustrates  the  measurement  of 
the  chordal  angle  for  an  exterior  column. 

Ductility  Ratios 

The  ductility  criteria  given  in  Section  6 limits  the  magni- 
tudes of  the  ductility  ratios  that  can  be  realized  in  the  re- 
sponse. The  peak  plastic  and  elastic  rotations  at  the  element 
ends  are  used  to  compute  these  quantities.  Maximum  ductility 
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ratios  are  computed  and  printed  by  DYNFA  at  both  ends  of  every 
element.  To  use  these  data  for  investigating  a member,  extract 
from  the  output  the  ductility  ratio  and  corresponding  axial  load 
ratio  for  all  of  the  elements  representing  the  member.  Also, 
note  from  the  output  whether  the  axial  loads  are  either  in  tension 
or  compression.  Compare  the  computed  ductil .ty  ratios  with  the 
limits  specified  in  Sections  6.3  and  6.4. 

Establishing  Adequacy  of  Frame 

The  members  of  the  frame  are  considered  adequate  if  all  of 
the  design  criteria  are  satisfied.  When  one  or  more  of  the  limit- 
ing values  of  the  criteria  are  exceeded  by  more  than  15  percent, 
the  member  or  members  in  question  must  be  increased  in  size  and 
the  analysis  of  the  frame  must  be  repeated.  If  a severe  condi- 
tion of  overdesign  is  apparent,  the  overdesigned  members  should 
be  decreased  in  size  and  the  frame  analysis  repeated. 

Appendix  A provides  two  examples  which  demonstrate  the  use 
of  the  printed  output  in  the  design  of  frames. 

Connection  Design 

The  fourth  group  of  data  extracted  from  the  output  consists 
of  the  maximum  values  of  the  moments,  shears  and  axial  loads  which 
act  at  the  ends  of  the  members.  These  quantities  are  used  to  de- 
sign the  connections  in  the  frame.  The  connections  considered  are 
the  corner  frame  connections,  the  girder-to-column  connections  and 
the  column  base  connections.  Since  the  maximum  values  of  the 
moments,  shears  and  axial  loads  do  not  occur  simultaneously,  at 
least  three  conditions  must  be  considered  in  the  design.  Each 
condition  considered  consists  of  the  peak  value  of  one  of  these 
quantities  together  with  the  values  of  the  other  two  which  occur 
simultaneously.  The  maxima  and  minima  of  the  axial  loads  and 
bending  moments  are  tabulated  at  the  end  of  the  printed  output. 

The  peak  shear  (and  corresponding  axial  loads  and  bending  moments) 
can  be  extracted  from  the  printed  output  of  the  response  history. 

The  connections  should  be  designed  in  accordance  with  the 
provisions  in  Chapter  6 of  Reference  1.  Procedures  and  equations 
for  the  design  of  various  types  of  standard  frame  connections 
are  contained  in  the  many  texts  on  the  design  of  steel  structures 
(see  References  14  and  20).  Examples  of  some  of  typical  framing 
connections  are  provided  in  Appendix  C of  Reference  1. 
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SECTION  10 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  criteria  and  procedures  presented  in  this  report  provide 
a rational  basis  for  the  analysis  and  design  of  the  primary  struc- 
tural frasnes  of  steel  buildings  subjected  to  the  blast  environment 
generated  by  a high-explosive  detonation.  The  primary  emphasis 
is  on  structural  steel  applications  for  acceptor  structures  lo- 
cated in  the  low-to-intermediate  pressure  level  range. 

It  Is  recommended  that  this  material  be  implemented  In  the 
blast-resistant  desiqn  of  structures  within  facilities  for  the 
manufacture  and  storage  of  explosive  materials. 


REFERENCES 


1.  Healey,  J.J  , «t  al , "Design  of  Steel  Structures  to  Resist 
the  Effects  of  HE  Explosions",  Technical  Report  4837, 
Picatinny  Arsenal,  Dover,  N.J.,  August  1975. 

2.  Tseng,  G.S.,  Weissman,  S.,  and  Dobbs,  N.,  "Design  Charts 
for  Cold-Formed  Steel  Panels  and  Wide-Flange  Beams 
Subjected  to  Blast  Loads",  Technical  Report  4838, 

Picatinny  Arsenal,  Dover,  N.J.,  August  1975. 

3.  "Structures  to  Resist  the  Effects  of  Accidental  Explosions 
(with  Addenda)",  Department  of  th&  Arrr\y,  Technical  Manual 
TM  5-1300,  Washington,  D.C.,  June  1969. 

4.  "Specification  for  the  Design,  Fabrication  and  Erection 

of  Structural  Steel  for  Buildings"  and  "Commentary"  thereon, 
American  Institute  of  Steel  Construction,  New  York,  N.Y., 
1969. 

5.  "Research  and  Developments  In  Cold-Formed  Steel  Design  and 
Construction",  Third  International  Specialty  Conference  on 
Cold-Formed  Steel  Structures,  University  of  Missouri-Rolla, 
November  1975. 

6.  "Plastic  Design  in  Steel,  A Guide  and  Commentary",  Second 
Edition,  Joint  Committee  of  the  Welding  Research  Council 
and  the  American  Society  of  Civil  Engineers,  ASCE,  New  York, 
N.Y.,  1971. 

7.  Clough,  R.W.S  3enuska,  K.L.,  and  Wilson,  E.L.,  "Inelastic 
Earthquake  Response  of  Tall  Buildings",  Proceedings,  Third 
World  Conference  on  Earthquake  Engineering,  Wellington, 

New  Zealand,  "!965. 

8.  Wilson,  E.L.,  and  Clough,  R.W.,  "Dynamic  Response  by  Step- 
by-Step  Matrix  Analysis",  Symposium  on  the  Use  of  Computers 
in  Civil  Engineering,  Lisbon,  Portugal,  October  1-5,  1964. 

9.  Anderson  J.C.,  and  Gupta,  R.P.,  "Earthquake  Resistance 
Design  of  Unbraced  Frames",  Journal  of  the  Structural 
Division,  ASCE,  Vol . 98,  STT1 , November  1972. 

10.  Bockholt,  J.L.,  "Inelastic  Analysis  of  Tier  Buildings", 
Technical  Report  No.  158,  Department  of  Civil  Engineering, 
Stanford  University,  May  1972. 


98 


11.  Przemlenieckl , J.S.,  "Theory  of  Matrix  Structural  Analysis", 
McGraw  Hill  Book  Company,  New  York,  N.Y.,  1968. 

12.  Stea,  W.,  Welssman,  S.,  and  Dobbs,  N.,  "Overturning  and 
Sliding  Analysis  of  Reinforced  Concrete  Protective 
Structures",  Technical  Report  No.  4921,  Plcatinny  Arsenal, 
Dover,  N.J.,  February  1976. 

13.  Biggs,  J.M. , "Introduction  to  Structural  Dynamics",  McGraw 
Hill  Book  Company,  New  York,  N.Y.,  1964. 

14.  "Manual  of  Steel  Construction",  Seventh  Edition,  American 
Institute  of  Steel  Construction,  New  York,  N.Y.,  1964. 

15.  "A  Computer  Program  to  Analyze  the  Dynamic  Response  of 
High  Rise  Buildings  to  Nuclear  Blast  Loading",  Office 
of  Civil  Defense  Technical  Report  No.  59,  July  1969. 

16.  Galambos,  T.V.,  and  Lay,  M.G.,  "End  Moment-End  Rotation 
Characteristics  for  Beam  Columns",  Fritz  Engineering 
Laboratory,  Bethlehem,  Pa.,  May  1962. 

17.  Lu,  L.W.,  and  Kamalvand,  H.,  "Ultimate  Strength  of 
Laterally  Loaded  Columns",  Journal  of  the  Structural 
Division,  ASCE,  Vol . 94,  ST6,  June  1968. 

18.  Van  Kuren,  T.C.,  and  Galambos,  T.V.,  "Beam-Column 
Experiments",  Journal  of  the  Structural  Division,  ASCE, 

Vol.  90,  ST2,  April  1964. 

19.  Kinney,  J.S.,  "Indeterminate  Structural  Analysis", 

Add is on -Wes ley  Publishing  Company,  Inc.,  Reading, 

Mass.,  1957. 

20.  Beedle,  L.S.,  et  al , "Structural  Steel  design",  The 
Ronald  Press  Company,  New  York,  N.Y.,  1964. 

21.  Kingery,  C.N.,  "Air  Blast  Parameters  Versus  Distance  for 
Hemispherical  TNT  Surface  Bursts",  Ballistic  Research 
Laboratories  Report  No.  1344,  Aberdeen  Proving  Ground, 
Maryland,  September,  1966. 

22.  "MRI/STARDYNE  User  Manual",  Mechanics  Research,  Inc., 

Los  Angeles,  Cal.,  April  1973. 


99 


Table  2 

Collapse  mechanisms  for  rigid  frames  with 
supplementary  bracing  and  pinned  bases 


CoLlapse  Mechanism 


[XOTXI 

BEAM  MECHANISM 


BEAM  MECHANISM 


PANEL  MECHANISM 


3b 


PANEL  MECHANISM 


COMBINED  MECHANISM 


8a 


COMBINED  MECHANISM 


8b 


COMBINED  MECHANISM 


COMBINED  MECHANISM 


Plottic  Moment  Mp 


*k 

16 


oiwH2 
4 (2C  + 1) 


Heo«g  ) . ...  1,. 

\ 2 • / ?*  *-(n-l)C. 


(C.  5 


on*  H2  mAfcFj^Hcota 
4n  zn 


tc>  - 21* 


—(a  H2+B.  L2  j _ "VfrHcosei 
8n  2 4n 


3 awHZ  - E.  AkF0yHcos<* 

C + i+|(„-|) 


ic.«tr 


| *wH*- m Ab  F^Hco*  a 
C * (n-£) 


(C.  £«)’ 


|[3*H*+(n-l)L]  - §AhF-yHcasoi 


C + (2n- % ) 


cn  i i tt: 


aw 


_M£ 


CMp 

i-CiM.  X 

/W*, 

^bF«» 

L 

L «■-  J 

L 

n » Number  of 
boy*  = 1 , 2, 3. 

w = Uniform 
equivalent 
static  load 


* For  c-  - 2 hinges  form  In  the  fflrders  and  columns  at  Interior  Joints- 
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Table  3 

Collapse  mechanisms  for  frames  with  supplementary  bracing, 
non-rigid  g1rder-to~column  connections  and  pinned  bases 


Table  4 


Dynamic  load  factors  (DLF)  and  equivalent 
static  loads  for  preliminary  deslqn 


Structure 

Collapse 

mechanism* 

Reusable 

Non-reusable 

Beam  mechanism  1 

1.0 

0.80 

Beam  mechanism  2 

0.80Ra 

Panel  or  combined 

0.5RC, 

0.35Ra 

where  Ra  = 1.0  - bf,s1na^/8S 


= 1.0  for  normal  shock  wave 

«1  = angle  of  Incidence  between  shock  front 
and  blastward  wall 

S = the  minimum  of: 

1.  height  of  structure 

2.  distance  from  frame  to  leeward  end  of  wall 

3.  sum  of: 

a.  distance  from  *rame  co  blastward 
end  or  wall 

b.  length  of  adjacent  blastward  wall 

Equivalent,  static  vertical  load  = qv  x DLF  = w 

Equivalent  static  horizontal  load  = x DLF  = aw 

♦Refer  to  Tables  1 through  3 for  definition  of  beam,  panel 
and  combined  mechanisms. 
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bf/2tf 


248184 

36 

8.5 

289548 

42 

8.0 

310230 

45 

7 4 

344700 

50 

7.0 

379170 

55 

6.6 

413640 

60 

6.3 

448110 

65 

6.0 

where  Fy  is  the  specified  minimum  static  yield  stress  for 
the  steel,  bf  is  the  flange  width  and  tf  Is  the  flange 
thickness. 


i 

i 


Table  7 

Values  of  constant  "C"  for  Equation  (35) 


Support 

conditions 

Number  of  Interned 

Hate  mass  points 

1 

2 

3 

4 

Simple 

1.57 

6.28 

14.1 

25.2 

Fixed 

3.56 

9.82 

19.2 

31.8 

Fixed-Hinged 

2.45 

7.95 

16.6 

28.4 

Note:  The  units  to  be  utilized  with  thesf  constants  are: 

mass  - kilogram 
length  - meter 

modulus  of  elasticity  - kilopascai 

moment  of  Inertia  - centimeter  to  the  fourth  pov«r 

natural  period  - second 
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Table  8 


Stiffness  factors  for  single-story  multi-bay  frames 
subjected  to  uniform  horizontal  loading 

STIFFNESS  FACTOR  K=  *[l  + (0.7- 0.l£)(n-l)] 

n = Number  of  Bays 

— — r — 

0 ~ Base  Fixity  Factor0  ; H I® 

0 kA i L I 

Ie«  (0.75  ♦ 0. 25£  )/H  H 

1 co  = Average  Column  Moment  of  Inertia. 

=Ilc/(n>H) 


0.25 

0.50 

1.00 


fl*  1.0 
26.7 
32.0 
37.3 


^2 

0 * 0.5 b \$*0 
14.9  3.06 

17.8  4.65 


20.6 


6.04 


0 Values  of  C2are  Approximate  for  this/3 
b/J'I.O  For  Fixed  Base 
■ 0.0  For  H*nge4  Bose 
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Table  9 

Units  for  parameters  In  printed  output  of  structural  response 


Units 

i 

Parameter 

SI  System 

U.S.  System 

Time 

Second 

Second 

Displacements: 

Translation 

Mi 1 1 imeter 

Inch 

Rotation 

Degree 

Degree 

Element  Loads: 

Axial  Load 

Kilonewton 

Pound 

Shear 

Kllonewton 

Pound 

Bending  Moment 

Ki 1 onewton-meter 

i 

Pound-inch 

Elevation  of  a typical  frame 


SHOCK  FRONT 


SHOCK  WAVE 
PROPAGATION 


b)  QUARTERING  SHOCK  WAVE 


Fig  4 Loading  conditions  for  bi -axial  bending 
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*4 
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f 
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^■w 


EXPLOSIVE 


PLAN 


Fig  5 Locations  for  computing  blast  pressures  for  preliminary 
frame  design 


113 


Pso  = Peak  positive  Incident-  pressure,  psl 

Pr  * Peak  positive  normal  reflected  pressure,  psl 

1S/WV3  = Scaled  unit  positive  incident  impulse,  psi-ms/lb^3 

I-./W1/3  = Scaled  unit  positive  normal  reflected  impulse, 
ps1-ms/lbV3 

Fig  6 Supplementary  data  for  shock-wave  parameters  for 
hemispherical  TNT  surface  explosion  at  sea  level 
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Fig  7 Lumped  parameter  representation  of  a typical  frame 
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AL  MOMENT  VERSUS  ROTATION  RELATIONSHIP  OF  COMPONENTS 
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Fig  9 


Behavior  of  component  elements 
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INELASTIC  WES* 


n< 


SIMULATED 

BEHAVKm 


MOMENT 


a)  MOMENT  RESPONSE  HISTORY  OF  ELEMENT 


AXIAL 

LOAD 


b)  AXIAL  LOAD  RESPONSE  HISTORY  OF  ELEMENT 


p 


Fig  11  Calculation  of  second  order  effects 


Fig  12  Model  of  frame  including  foundation  and  soil 


•LAST  RESISTANT 
LACED  CONCRETE 


Fig  13  Laterally  supported  frame 
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COLUMN 


L 


GIRDER 


( 


rm  /&r 


NODAL  POINT  AT 
ONIOER  /COLUMN 
CONNECTION 


o)  PLACEMENT  OF  NODAL  POINTS  TO 
DEVELOP  SIPESWAY~ MODE  OF  FRAME 


r INTERMEDIATE 
( NODAL  POINT 


COLUMN — i 


b)  PLACEMENT  OF  NODAL  POINTS  TO  DEVELOP 
INDIVIDUAL  BENDING  MODES  OF  EXTERIOR  MEMBERS 


Fig  14  Locations  of  nodal  points  In  model 
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a)  GRADUALLY  TAPERED  MEMBER 


b)  MEMBER  WITH  ABRUPT  PfSCONTSKUlTIES 

Fig  15  Modeling  of  members  with  varying  cross-sections 
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INCLINED 


Fig  16  Dynamic  degrees  of  freedom  for  typical  frames 
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* for  cases  1 «nd  2a:  mess  of  all  structure  (siding,  girts,  column)  within  panel 


My  * one-half  the  mass  of  siding  within  panel  area  (W.j  + Hj)  x H,  plus  mess  of  column 
* mass  of  one  girt  within  panel 

Nqoph  j number  of  horizontal  dynamic  degrees -of- freedom  at  Intermediate  mass  joints  within 


where  = for  cases  1 and  2a:  mess  of  all  structure  (decking,  purlin,  girder)  within  panel 


Fig  20  Typical  framing  plans  of  roof  and  floor  panels 


; »g  21  Portion  of  sidewall' mass  lumped  with  end  frame: 
sidewall  with  vertical  girts 
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SLASTWARD 
WALL  — 


vo*S 


SIDE  WALL 


GIRTS 

a)  FRAMING  OF  SIDEWALL 


{ 

/ . Jl 

Li/2  / 

PORTIONS  OF 
SIDEWALL 
ROTATED  90* 


bl  SECTIONS  OF  SIDEWALL  ROTATED  90* 


Fig  22  Distribution  of  sidewall  mass  on  end  frame:  sidewall 
with  horizontal  girts 
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Fig  23  Dimensions  of  tributary  areas  for  panel  with  secondary 
members  parallel  to  frame 


TYPICAL  WALL  OR  ROOF  PANEL 


WHERE : WT  * TRIBUTARY  W»TH  OF  BUILDW6  SUPPORTED  BY  FRAME 
N«*  Nmtn  FOR  A WALL  PANEL  (REF  FIG.  17) 

* *ton  FOR  A ROOF  PANEL  (REF  FIG.  IP) 


subdivision  for  entire  strip  supported 


Tc  *of 

TIMt 

o)  LONG  DURATION  BLAST  LOAD 


*r 

TMbiC 


b)  SHORT  DURATION  BLAST  LOAD 

Fig  26  Blastwa 


PRESSURE 


TIME 

Fig  28  Phased  and  modified  pressure  waveform  with  linear  decay 


137 


Fig  30  Example  of  values  for  a and  D for  tributary  areas  on 
blastward  wall  - normal  shock  wave 
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••  » *'  *»*»»»  ■*«*  • 


in<: 


SHOCK 

FRONT 


For  A,  * 0 « L ♦ w,  i a • WT 

For  A2  1 D ■ L ♦ w,  + wt  » a * w* 


Fig  34  Examples  of  values  of  a and  D for  tributary  areas  on 
leeward  wall  with  wall  taken  as  extension  of 
adjacent  wall  - normal  shock  wave 


FOR  A| 0*L  cot  a -*■  w,(  i.o- tin  a ; o « WT 
FOR  Az : D * L cot  a ♦ w,(  i.O- tin  a ) + »z;  o «w3 


ELEVATION  OF  LEEWARD  WALL 


Fig  35  Examples  of  values  of  a and  D for  tributary  areas  on 

leeward  wall  with  wall  taken  as  extension  of  adjacent 
wall  - quartering  shock  wave 
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FRAME  STRUCTURE 


desway  deflection  and  member  end  rotations  for  frame 
structures 


Fig  37  Components  of  element  end  rotation  In  the  elastic 
response  range 
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0)  LOADING 


b)  RESPONSE 


Flo  39  Load  deformation  response  for  laterally  loaded  beam 
column 
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Fig  40  Index  of  figures  for  rotation  capacity  curves  of  beam 
columns  subjected  to  end  moments 
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reverse  curvature 


curvature  by  equal  and  opposite  end  moments 


restraint  both  ends:  distribution  factor  - 0.125 


:olumn  - elastic 
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Fig  48  Rotation  capacity  curves  for  laterally  loaded  beam  column  - elastic 
restraint  both  ends:  distribution  factor  * 0.750 
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Fig  53  Rotation  capacity  curves  for  laterally  loaded  beam  column  - elastic 
restraint  one  end,  other  end  pinned:  distribution  factor  = 0.750 


CASE 

DISTRIBUTION  FACTORS 
(DF) 

ROTATION 
CAPACITY 
FROM  CURVES 

END  A 

END  B 

Q.  BOTH  ENDS 
RESTRAINED 

dfab 

dfab 

(*«)• 

b.  END  A 
RESTRAINED; 

END  B 
PINNED 

1.0 

(Rc)fc 

a.)  TABULATION  OF  DATA 


b.)  ROTATION  CAPACITY  vt  DF  AT  END  B 
FOR  CONSTANT  DF  AT  END  A 


Fig  54  Interpolation  of  rotation  capacity  data  for  member  with  unequal 
distribution  factors  at  ends 
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INTERIOR  FRAMES 


EXTERIOR  FRAMES 


*T 


INTERIOR 

FRAMES 


mm 


' 'y  DIRECTION  OF 
PROPAGATION  OF 
SHOCK  FRONT  I 
(FARALLEL  TO 
FRAME  LINE  (§)  ) 


DIRECTION  OF  -‘/ 
PROPAGATION  OF 
SHOCK  FRONT  H 
(ARBITRARY  QUARTERING 
LOAD  NOT  PARALLEL  TO 
ANY  FRAME  LINE) 


Fig  55  Typical  rectangular  building  rigidly  framed  In  two 
directions 
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a)  MODEL 


NODE  NO. 

* 

rX 

» 

rY 

* 

<9 

1 

1 

1 

0 

4 

1 

1 

i 

6 

0 

1 

0 

7 

1 

0 

0 

* I = DISPLACEMENT  OR  ROTATION  RESTRAINED 
0 = NO  RESTRAINT 


b)  RESTRAINTS 


Fig  57  Spaclfi cation  of  restraints  for  common  types  of  support 
conditions 
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Fig  58  Local  coordinate  system  for  element 
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a)  MODEL 


ELEMENT 
ID.  NO. 

PIN  CODE* 
AT  NODE  3 

2 

1 

3 

0 

0 

7 

1 

* I = LOCAL  PIN 
0=  NO  PIN 


b)  DETAIL  A 


c)  PIN  CODES 


Mg  59  Specification  of  pin  codes  for  common  types  cf  frame 
connections 
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a.  TYPICAL  PRESSURE  WAVEFORM 


DIGITIZED 

PRESSURE 

TIME  DATA 

POINT 

PRESSURE 

TIME 

1 

0.0 

0.0 

2 

0.0 

to 

3 

(Ppfc)fcVG. 

tpK 

4 

0.0 

♦t 

5 

0.0 

tf 

Fig  60  Digitized  pressure-time  data  for  pressure  waveform 
with  linear  decay 
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0)  TYPICAL  PRESSURE  WAVEFORM  WITH  Bl -LINEAR  DECAY 


POINT 

PRESSURE 

TIME 

1 

0.0 

ao 

2 

0.0 

t. 

3 

(p»*)avg 

4 

ft 

tc- 

5 

0.0 

tT 

8 

0.0 

T, 

b)  DIGITIZED  PRESSURE  TIME  DATA 


Fig  61  Digitized  pres  sure- time  data  ^or  reflected  pressure 
waveform  with  bi -linear  decay 
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o)  DEFORMED  CONFIGURATION  OF  STRUCTURE 


©t  * 0j  * tan'o^/L/2) 
y,  AND  y5  ASSUMED  NEGLIGIBLE 


b)  COMPUTATION  OF  CHORDAL  ANGLES  0!  ft  e3 

FOR  GIRDER 


Fig  64  Measurement  of  chordal  angles  for  girder 
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POSITION 


a)  DEFORMED  CONFIGURATION  OF  STRUCTURE 


9\m  d3*(x2-*3/2)m«K. 


b)  COMPUTATION  OF  CHORDAL  ANGLES  0(  ft  05  FOR 


EXTERIOR  COLUMN 


Fig  65  Measurement  of  chordal  angles  for  exterior  column 
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APPENDIX  A 


ILLUSTRATIVE  EXAMPLES 


A.l  Introduction 


This  appendix  presents  detailed  procedures  and  numerical 
examples  on  various  topics  related  to  the  analysis  and  design  of 
single-story  rigid  frame  steel  structures  subjected  to  blast 
overpressures.  1 he  topics  covered  are: 

1.  Preliminary  design  of  Interior  frames  of  buildings 
subjected  to  normal  shock  waves. 

2.  Preliminary  design  of  primary  structural  frames  of 
buildings  subjected  to  quartering  shock  waves. 

3.  Formulation  of  analytical  models  for  interior  frames 
of  buildings  subjected  to  normal  shock  waves. 

4.  Formulation  of  analytical  models  for  representative 
frames  of  buildings  subjected  to  quartering  shock 
waves 

5.  Use  of  DYNFA  to  verify  the  blast  resistance  of 
interior  frames  of  buildings  subjected  to  normal 
shock  waves. 

6.  Use  of  DYNFA  to  verify  the  blast  resistance  of 
primary  framing  systems  of  buildings  subjected  to 
quartering  shock  waves. 

References  are  made  to  the  appropriate  parts  in  Sections  1 
through  9 of  this  report  and  to  charts,  tables  and  equations 
from  other  design  manuals  and  specifications. 

The  basic  objective  of  the  material  presented  herein  is  to 
illustrate  the  methods  for  selecting  and  verifying  the  member 
sizes  for  the  primary  framing  system  of  a single-story  steel 
building.  As  such,  little  attention  was  given  in  the  examples 
to  actual  framing  details  since  these  considerations  have  little 
bearing  on  the  manner  in  which  the  design  procedures  are  used. 

In  addition,  to  facilitate  the  computations,  the  sizes  of  the 
secondary  members  were  standardized  throughout  the  building  (i.e., 
all  girts  were  made  the  same,  all  purlins  were  made  the  same, 
etc.).  Also,  the  sizes  of  the  transverse  girders  that  were  used 
in  Example  A. 3 were  established  on  the  basis  of  the  design  for 
the  girder  at  the  blastward  wall,  which  involved  bi-axial  bend- 
ing of  the  member. 
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A. 2 Preliminary  Design  of  Single-Story  Frames 

Problem  A.l:  Preliminary  design  of  an  unbraced.  Interior, 

rigid  frame  of  a single-story  steel  building 
subjected  to  a normal  shock  wave. 

Procedure: 

Step  1 . Establish  the  blast  load  parameters: 

a.  Location  of  charge 

b.  Charge  weight,  W 

c.  Safety  factor,  SF 

d.  Normal  distance,  R^>  between  the  center 
of  the  charge  and  the  blastward  wall  of 
the  building 

Calculate  the  effective  charge  weight, 

WE  * (1.0  + SF)W. 

Step  2.  Determine  the  peak  pressures,  pv  and  pf,,  for  the 

preliminary  design: 

1/3 

a.  Calculate  Z = RA/WE 

b.  Enter  Figure  4-5  or  4-12  of  Reference  3 or 
Figure  5 of  the  text  with  Z and  read: 

Peak  positive  Incident  pressure,  P$0 

Peak  positive  normal  reflected  pressure,  Pr. 

The  data  In  Figure  6 of  the  text  were  derived  from 

the  test  results  reported  In  Reference  21. 

c.  For  structures  located  in  high  pressure 
regions,  determine  q0  for  Pso  from  Figure 
4-66  of  Reference  3.  Calculate  Cpq0  for 
the  roof.  Obtain  Cq  from  paragraph  4- 14c  of 
Reference  3. 

d.  For  all  cases:  pj,  - Pr. 
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For  cases  involving  low-io-lntermediate  pressure 
levels: 

Pv  = Pso 

For  cases  Involving  high  pressure  levels: 

Pv  = Rso  + %% 

Step  3.  Establish  the  design  parameters: 

a.  Geometry  of  the  frame 

b.  Support  conditions 

c.  Post-explosion  condition  of  the  frame 
(reusable  or  non-reusable) 

d.  Static  tensile  stress,  Fy 

e.  Dynamic  increase  factor,  c 

f.  Modulus  of  elasticity,  E 

Also  calculate  the  dynamic  tensile  stress, 

Fdy  - eFy . 

Step  4.  Calculate  the  ratio  of  the  total  horizontal -to- 
vertlcal  peak  loadings,  a,  acting  on  the  frame 
using  Equation  (1)  of  the  text.  Also  determine 
the  dynamic  load  factors  (DLF's)  for  the  beam 
and  panel  mechanisms  (Table  4 of  the  text)  and 
compute  the  corresponding  equivalent  static  loads, 
wh  and  wn;  tabulate  these  loads  (wb  and  wD)  as  shown 
In  Tablepl . H 

Step  5.  Substitute  the  values  (determined  in  Step  4) 
for  a and  either  or  wp  (depending  upon  the 
type  of  mechanism)  Into  the  appropriate  equations 
of  Table  1 of  the  text.  Tabulate,  as  shown  In 
Table  1 of  this  appendix,  the  resulting  equations 
which  express  Mp  in  terms  of  C and/or  C] . 

Step  6.  By  assuming  several  sets  of  values  for  constants 
C and  C-j,  and  using  the  relationships  for  Mp 
determined  in  Step  5,  calculate  the  values  of 


179 


the  plastic  moments,  Mp,  for  the  various  mech- 
anisms. Tabulate  the  results  as  shown  in  Table  1. 
For  each  set  of  values  of  C and  C-| , the  largest 
computed  value  of  Mp,  from  among  those  computed 
for  all  mechanisms,  establishes  the  governing 
collapse  mechanism.  The  '-election  of  preliminary 
member  sizes  is  based  on  several  trials  in  which 
the  values  of  C and  C-|,  and  the  corresponding 
maximum  value  of  Mp,  are  minimized  such  that  an 
economical  design  is  produced.  Here,  engineering 
judgement  is  required,  as  several  sets  of  values 
of  C and  C]  may  yield  similar  values  for  the 
maximum  Mp. 

Step  7.  Using  the  moment  capacities  of  each  member  (deter- 
mined in  Step  6)  and  Equation  (4),  calculate  the 
plastic  section  modulus  and  select  the  member  size. 

Step  8.  Establish  the  minimum  thickness  requirements  for 
the  frame  members  using  Equation  (8)  and  Table  5 
of  the  text  and  determine  whether  the  member  sizes 
selected  meet  these  requirements.  Also,  compute 
the  slenderness  ratio  in  the  plane  of  bending  for 
each  member  and  compare  this  quantity  with  the 
limiting  value  given  by  Equation  (4.1)  of  Refer- 
ence 1. 

Step  9.  For  each  member  selected,  calculate  the  plastic 
moment  capacity  and  effect  the  reduction  in  this 
moment  capacity  due  to  lateral  torsional  buckling 
using  Equation  (5).  Check  whether  this  reauced 
bending  capacity,  ^n,  satisfies  the  ur.i-axial 
bending  equation  [Eq  (7)]. 

Example  A. 1 : Preliminary  design  of  an  unbraced,  interior, 

rigid  frame  of  a single-story  steel  building 
subjected  to  a normal  shock  wave. 

Required:  Design  an  interior  frame  of  the  building  shown  in 

Figure  1 for  the  blast  loadings  produced  by  a 
normal  shock  wave. 

Step  1 . Given: 

a.  Location  of  charge,  surface  burst 

b.  Charge  weight,  W - 1,140  kg  (2,500  lb) 
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c.  Safety  factor  SF  = 20  percent 
(Section  1-5,  Ref  3) 

d.  Normal  distance  from  center  of  charge 
to  blastward  wall: 

RA  = 132  m (433  ft) 

Effective  charge  weight: 

1E  = (1 .0  + SF)W  = 1 .2(1 ,140) 

= 1,360  kg  (3,000  lb) 

Step  2.  Determine  pv  and  p^,  for  the  preliminary  design* 

a.  Z * R./W1/3  = 433/3, 0001/3  = 30  ft/lb1/3 

Note:  Since  Figure  4-12  (Ref  3)  is  expressed 

in  U.S.  units,  Z is  also  calculated  in 
U.S.  units. 

b.  From  Figure  4-12  of  Reference  3: 

Pso  * 1 .65  psi  or  11 .4  kPa 

Pr  = 3.50  psi  or  24.2  kPa 

c.  Since  the  structure  is  located  In  a low 
pressure  region,  the  drag  pressure  on  the 
roof  Is  neglected. 

d.  The  peak  pressures  acting  on  the  frame  are: 

Pv  " pso  = 11 *4  PPa  O*65  ps1) 
ph  = Pr  - 24.2  kPa  (3.50  psi) 

Step  3.  Given: 

a.  Frame  geometry  (Fig  1) 

b.  Pin-ended  column  supports 

c.  Reusable  structure 

d.  Fy  = 248(10)3  kpa  (36  ksi) 
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Step  4. 


Step  5. 


> k AUm'ta U irtjeih^el  .1W>  1 ’1 


e.  c = 1.1  (Table  2.1,  Ref  1) 

f.  E = 207(10)®  kPa  (30  x 106  psi) 
Fdy  = cFy  = 1.1  x 248  x 103 

- 273  x 103  kPa  (39.6  ksi) 


Calculate 

a,  wb  and  wp: 

From 

Figure  1 : 

bv  " 

bh  = 

6.0  m 

% = 

phbh 

= 24.2  x 6.0 

= 145  kN/m 

% = 

> 

> 

O. 

= 11.4  x 6.0 

= 68.4  kN/m 

a = 

%/<l, 

, = 145/68.4  = 
1 

2.12  [Eq  (1)] 

For  normal  shock  wave,  angle  of  incidence  between 
shock  front  and  blastward  wall  is  zero;  hence, 

R„  of  Table  4 of  text  =0.0,  and 

DLFb  (beam  mechanism)  =1.0 

DLFp  (panel  mechanism)  =0.5 

wb  = 1.0qv  = 1.0(68.4)  = 68.4  kN/m 

wp  = 0.5qv  = .5(68.4)  = 34.2  kN/m 

Substitute  a and  either  wb  or  wp  into  the 
equations  of  Table  1 of  the  text. 

Substituting  the  values  of  a and  wb  or  wp  into 
the  appropriate  equations  (Table  1 of  the  text) 
for  collapse  mechanisms  1 and  5b,  yields  the 
following  expressions  for  Mp: 

Collapse  mechanism  1: 

Mp  = (wbL2)/!6  = [68.4(6)2]/16  = 154  kN-m 

Collapse  mechanism  5b: 

M = (3/8) (awpH2)  = (3/8) (2. 12) (34. 2) (5.0) 2 
P C + (n  -1/2)  C + (2  - f/2) 
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= 680/ (C  + 3/2) 

Expressions  of  Mp  for  the  remaining  collapse  mech- 
anisms are  tabulated  In  Table  1 of  this  appendix. 

Step  6.  Calculate  Mp  for  several  trial  values  of  C and  C-|. 
Trial  calculations  of  Mp  for  collapse  mechanisms 
1 and  5b  are  shown  below.  The  calculations  are 
performed  for  three  sets  of  trial  values  of  C and 
Ci.  Values  of  Mp  for  the  remaining  collapse  mech- 
anisms, which  are  computed  with  the  same  trial 
values  of  C and  Ci,  are  tabulated  In  Table  1 of 
this  appendix. 

Collapse  mechanism  1: 

For  all  values  of  C and  Ci,  Mp  = 154  kN-m 

Collapse  mechanism  5b: 

For  C = 2 and  Ct  = 2,  Mp  = 680/(2  + 3/2) 

= 194  kN-m 

For  C = 2.5  and  Ci  = 2,  Mp  = 680/(2.5  + 3/2) 

= 170  kN-m 

For  C = 1.5  and  C]  = 2,  Mp  = 680/(1.5  + 3/2) 

= 227  kN-m 

Inspection  of  the  results  listed  In  Table  1 
for  the  three  trials  Investigated,  reveals  that 
a value  of  Mp  = 227  kN-m  (same  In  all  three  trials) 
Is  the  minimum  required  plastic  bending  capacity 
for  the  girders.  Also  Trial  3 yields  the  lowest 
value  of  C,  thereby  minimizing  the  required 
capacities  of  the  exterior  columns. 

Therefore,  the  required  bending  capacities  are: 

For  the  girder:  (Mp)x  = 227  kN-m  (157  klp-ft) 

For  the  Interior  column: 

cl(Mp)x  = 2.0(227)  = 454  kN-m  (334  klp-ft) 
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For  tha  exterior  column: 
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C(Mp)x  = 1.5(227)  = 341  kN-m  (251  kip-ft) 

Step  7.  Calculate  plastic  section  moduli  and  select 
member  sizes. 

Girder:  Use  Equation  (4)  for  computing  plastic 

modulus,  Zx 

% 

zx  = (Mp)X/Fdy  = 227/(273  x 1o3) 

= 0.832  x 10“3  m3  (50.5  in3) 

Try  W12  x 40- 

Zx  = 57.5  in3  = 0.942  x 'I0“3  m3 

(Ref  14) 

The  member  sizes  selected  f r the  columns  are 
listed  in  Table  2. 

Step  8.  Establish  the  minimum  thickness  requirements 
for  the  frame  members. 

Th  limiting  depth-thickness  ratio  for  the  web 
of  each  frame  member  is: 

d/%  < 29, 060/ [Eq  (8)] 

Fy  = 248  x 103  kPa 

d%  < 29 ,060/V^48  x 103  £ 58.4 

The  limiting  width-thickness  ratio  for  the 
flange  of  each  frame  member  is: 

bf/2tf  <.8.5  (from  Table  5 of  text) 

Check  d%  and  bf/2tf  for  the  girder. 

From  the  "Properties  for  designing"  tables  in 
Reference  14,  the  ratios  d%  3nd  bf/2tf  for  a 
W12  x 40  member  are: 

d/tw  = 40.6  < 58.4 

bf/2tf  = 7.75  < 8.5 
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Compute  the  slenderness  ratio  for  each  member  in  its 
plane  of  bending  and  compare  with  the  limiting  l/r 
ratio  given  by  Equation  (4,1)  of  Reference  1. 

l/r  <_Q.C  =V27T2E/Fdy  [Eq  (4.1)  of  Ref  1] 

Cc  =V2^2  x 207  x 106/273  x 103  = 122 

For  the  girder:  l = 236.2  in  (6.0  m) ; 

r = 5.13  in  (0.130  m) 

l/r  = 6.0/0.130  = 46  < 122 

The  values  of  d/t^,  bf/2tf  and  l/r  for  the  other 
frame  members  are  tabulated  in  Table  2. 

Step  9.  For  each  member  selected,  calculate  the  plastic 
moment  capacity;  reduce  the  plastic  capacity 
for  lateral  torsional  buckling. 

Girder:  W12  x 40 

Zx  = 57.5  in3  (0.942  x 10'3  m3) 

ry  = 1.94  in  (0.049  m) ; 

here,  l is  measured  between  lateral  bracing 
points,  i.e.,  between  purlins;  hence  l - 2m. 

Mpx  = Fdyzx  = <273  x lo3)  x °-942  x 10"3 
= 258  kN-m 

% ^ n.07  - (i/ry)/F^-/262,394]Mpx  < Mpx 

[Eq  5a)] 

* [1.07  - (2/0.049)^(273  x 103)/262,394]258 
= 254.4  kN-m 

WWi1'10  [Eq  (7)] 

= 227/254.4  = 0.90 
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Note:  Value;  of  J^x  and  (Mp)x/^x  for  interior 
and  exterior  columns  are  given  In  Table  2. 

Problem  A. 2:  Preliminary  design  of  the  primary  framing 

system  of  a single -story  rigid  frame  steel 
building  subjected  to  a quartering  shock  wave. 


Procedure: 

Step  1 . Establish  the  blast  load  parameters: 

a.  Location  of  charge 

b.  Charge  weight,  W 

c.  Safety  factor,  SF 

d.  Radial  distances  between  center  of  charge  and 
the  following  locations: 

1.  Nearest  corner  of  building 

2.  Farthest  point  on  each  blastward  wall 

e.  Angle  of  incidence,  ot^,  between  the  shock 
front  end  each  blastward  rfall , measured  at 
the  points  listed  above. 

Calculate  the  effective  charge  weight. 

WE  = (1 .0  + SF)W. 

Step  2.  Compute  the  incident  and  drag  pressures  at  each 
location  specified  in  Step  Id: 

a.  Calculate  Z = R/W^3 

b.  Enter  Figure  4-5,  4-11  or  4-12  of  Reference  3 
or  Figure  6 of  the  text  with  Z and  read  the 
peak  positive  incident  pressure,  Pso. 

c.  For  structures  located  in  high  pressure 
regions,  determine  the  dynamic  pressure,  q0, 
for  Pso  from  Figure  4-66  of  Reference  3. 

Calculate  Cpqp  for  the  roof.  Ootain  C^ 
from  paragraph  4-1 4c  of  Reference  3. 

d.  Tabulate  all  values  as  hown  in  Table  3. 
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Step  3.  Determine  the  peak  reflected  pressures  at  the 
blastward  and  leeward  ends  of  each  blastward 
wall: 

a.  Enter  Figure  4-6  with  pS0  and  (from 
Step  le)  at  the  point  or  Interest  on  the 
wall;  read  the  reflected  pressure  coeffi- 
cient, Cra. 

b.  Calculate  Prct  = CraP$0 

c.  Tabulate  all  values  as  shown  In  Table  3. 

Step  4.  Using  data  listed  below,  make  a comparison  of 
the  horizontal  and  vertical  blast  loads  acting 
on  all  frames  positioned  normal  to  each  blast- 
ward  wall : 

1.  Peak  pressures  determined  In  Steps  2 
and  3 

2.  Distances  between  adjacent  frames 

3.  Secondary  framing  plan  of  roof  and  walls. 

b.  On  the  basis  of  the  comparison  of  Step  4a, 
select  several  representative  frames, 
spanning  In  each  direction,  for  analysis 
with  DYNFA. 

c.  If  analyses  of  several  interior  frames, 
spanning  In  each  direction,  are  required 
because  of  large  pressure  differentials 
between  the  ends  of  the  building,  compute 
the  peak  pr°ssures  at  the  locations  on 
each  frame  as  specified  in  Section  2.2. 

Step  5.  Establish  the  following  design  parameters: 

a.  Geometry  of  frames  selected  for  analysis 

b.  Orientation  of  columns 

c.  Support  conditions  for  each  frame 

d.  Post  explosion  condition  of  structure 
(reusable  or  non-reusable) 
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Step  6. 


Step  7. 
Step  8. 


Step  9. 
Step  10. 


e.  Static  tensile  strength,  Fy 

f.  Dynamic  Increase  factor,  c 

g.  Modulus  of  elasticity,  E 
Calculate  the  dynamic  tensile  stress, 

Fdy  = cFy* 

a.  Establish  the  peak  pressures,  Pv  and  P^  for 
the  preliminary  design  of  each  frame  using 
the  blast  pressures  determined  in  Step  2 
(ami  Step  3 when  large  pressure  differentials 
exist  betweeen  ends  of  building). 

b.  Calculate  the  parameters,  a,  Wb  and  *'n  for 
each  frame  as  described  in  Step  4 of  Problem 
A.1 . Tabulate  Wb  and  wn  as  shown  in  Tables 

1 and  4.  H 

Perform  Step  5 of  Problem  A.l  for  each  frame  and 
tabulate  the  results  as  shown  in  Tables  1 and  4. 

a.  Perform  Step  6 of  Problem  A.l  for  each  frame 
and  tabulate  the  results  as  shown  in  Tables 

1 and  4. 

b.  Tabulate  the  required  plastic  bending 
capacities  for  all  primary  frame  members. 

When  preparing  this  tabulation,  the  required 
bending  capacities  for  the  members  of  one 
frame  can  bo  specified  for  the  members  of 
other  frames  that  have  identical  configura- 
tions, and  are  subjected  to  similar  loadings. 

Calculate  the  plastic  section  moduli  of  the  frame 
members  using  the  plastic  bending  capacities 
determined  in  Step  8b  and  either  Equation  (3) 

(for  members  designed  for  bi-axial  bending)  or 
Equation  (4) (for  members  designed  for  uni -axial 
bending).  Select  member  sizes  on  the  basis  of 
these  section  moduli. 

Establish  the  minimum  thickness  requirements  for 
all  members  using  Equation  (8)  and  Table  5 of 
the  text.  Determine  whether  the  member  sizes 
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selected  mert  these  requirements.  Compute  the 
slenderness  ratio(s)  in  the  plane(s)  of  bending 
for  each  member  and  compare  with  the  limiting 
slenderness  ratio  given  by  Equation  (4.1)  of 
Reference  1 . 

Step  11 . Calculate  the  plastic  bending  capacities  for  the 
members  selected.  Effect  the  reduction  in  these 
plastic  moment  capacities  due  to  lateral  torsional 
buckling  using  Equations  (5a)  and/or  (5b).  Check 
whether  the  reduced  bending  capacities  satisfy 
Equation  (6)  or  (7),  as  the  case  may  be. 

Example  A. 2 Preliminary  design  of  the  primary  framing  system 
of  a single-story  rigid  frame  building  subjected 
to  a quartering  shock  wave. 

Required:  Design  the  primary  structural  frames,  of  the 

single-story  building  shown  in  Figure  1,  for 
the  blast  loadings  produced  by  a quartering 
shock  wave. 

Step  1.  Given: 

a.  Location  of  charge,  surface  burst, 

from  Figure  2:  = 114.3  m;  Hg  = 66.0  m 

b.  Charge  weight,  W = 1,140  kg  (2,500  lb) 

c.  Safety  factor,  SF  = 20% 

d.  Radial  distances  between  center  of  charge 
and  the  following  locations  (Fig  2): 

1.  Nearest  corner  of  building: 

R:  =/Ol4.3)2  + (66.0)*  = 132  m (433  ft) 

2.  Furthest  point  on  wall  A: 

Rn  =V(H4.3)2  + [66.0  + 3(6.0) ]2 
= 141 .8  m (465.2  ft) 

3.  Furthest  point  on  wall  B: 

R,il  =->/[(  114.2  + 2(6. 0)]2  + (66.0)2 
= 142.5  m (467.5  ft) 
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e.  Angle  of  Incidence  between  shock  front  and 

(Fig  2): 

1.  Wall  A:  (oA)I  = 30° 

( 01 A ) 1 1 = 3^.4° 

2.  Wall  B:  (og) j = 60° 

(“b)iii  ■ 62-4“ 

Effective  charge  weight,  WE  = (1.0  + SF)W 
- 1.2(1,140) 

= 1,360  kg  (3,000  lb) 

Step  2.  Determine  P«.«  and  at  points  I,  II  and  III 
(Fig  2) : 50  D 0 

For  point  I: 

a.  Zj  = Rx/Wj/3  * 433/(3, 000)1/3  = 30.03  ft/lb1/3 

b.  Entering  Figure  4-12  with  Zj  * 30  ft/1 b1 ^3 
Pso  = 1.65  psi  (11.4  kPa) 

c.  Since  the  structure  is  located  in  a low 
pressure  region,  the  drag  pressure  on  the 
roof  is  neglected. 

d.  Steps  2a,  2b  and  2c  are  repeated  for  points 
II  and  III.  The  results  are  tabulated  in 
Table  3 

Step  ?.  Determine  the  peak  reflected  pressures  at  the 

fclastward  and  leeward  ends  of  each  blastward  wall. 

For  point  I on  wall  A: 

a.  Ente**  Figure  4-6  of  Reference  3 with 

Pso  = 1.65  psi  (from  Step  2b)  and  (aA)j  = 30° 

(Step  le). 
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Step  4. 


Note:  Lowest  value  of  Pso  for  which  data  are 
provided  is  3.71  psi ; hence,  read  value 
of  Cra  for  (aA)j  = 30°  and  P$0  = 3.71  psi 

Cra  = 2.11 

• pra  = cmpso 

» 2.11  x 1.65  = 3.48  psi  (24.0  kPa) 

. Steps  3a  and  3b  are  repeated  for  point  II  on 
wall  A and  points  I and  III  on  wal'  B. 

All  values  are  tabulated  in  Table  3. 

. Compare  blast  loads  on  frames  positioned 
normal  to  wall  A: 

1.  Peak  pressures  at  points  I and  II  from 
Table  3: 

Reflected  pressures:  (Pra)j  = 24.0  kPa 

(PJn  ■ 22.1  kPa 
Incident  pressures:  (Pso) j = 11.4  kPa 

(PsqJii  = 10.3  kPa 

Differences  of  7.9%  in  reflected  pressures, 
and  9.6%  in  incident  pressures  between 
points  I and  II  are  negligible. 

2.  Distances  between  adjacent  frames  - frames 
equally  spaced  at  intervals  of  6.0  meters. 

3.  Secondary  framing  plan  of  roof  and  walls  - 
samt  for  all  bays. 

4.  Conclusions:  negligible  difference  in 
loads  acting  on  interior  frames;  negligible 
difference  in  loads  acting  on  exterior 
frames;  loads  acting  on  exterior  frames 
approximately  one-half  of  loads  acting  on 
Interior  frames. 
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b.  On  the  basis  of  the  above  conclusions,  the 
frames  on  column  lines  1 and  2 are  selected 
for  analysis  with  DYNFA. 

Repeating  Steps  4a  and  4b  for  the  frames 
positioned  normal  to  wall  B results  In  the 
selection  of  the  frames  on  column  lines  A 
and  B for  analysis  with  DYNFA. 

It  should  be  noted  that  since  the  blast  loading 
on  each  exterior  frame  (column  lines  A and  1) 

Is  approximately  one  half  of  that  on  the 
Interior  frame  adjacent  to  It  (column  lines  B 
and  2,  respectively),  the  mechanism  analyses 
of  the  exterior  frames  are  not  required  for 
the  preliminary  design.  The  required  bending 
capacities  for  the  members  of  each  such  frame 
can  be  taken  as  one  half  of  the  bending 
capacities  for  the  corresponding  members  of 
the  adjacent  Interior  frame. 

Step  5.  Given: 

a.  Geometry  of  frames  on  column  lines  1,  2,  A ar.d 
B (Fig  1). 

b.  Orientation  of  columns  vFig  3).  The  double 
line  around  the  periphery  of  the  roof  plan 
in  Figure  3 is  used  to  indicate  that  two 
members  are  provided  along  the  edges  of  the 
roof.  One  member,  with  its  web  in  the  plane 
of  the  exterior  wall,  is  integral  with  the 
frame,  and  designed  for  uni -axial  bending. 

The  other  member,  with  its  web  in  the  Diane 
of  the  roof,  is  positioned  such  that  it  acts 
independently  of  the  frame.  This  member  is 
provi led  to  resist  the  horizontal  blast  load- 
ings acting  on  the  upper  portion  of  the 
exterior  wall. 

c.  Pinned  end  supports  - all  frames. 

d.  Reusable  structure. 

e.  Fy  = ?*t8(  1 0) 3 kPa  (36  ksi) 

f.  c = 1.1  (Tablt  2.1,  Ref  1) 
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g.  E r 273(10)6  kPa  (30  x 10  psi) 

Fdy  - cFy  - 1.1  x 248  x 103 
' 27o  x ID3  kPa  (39.6  ksl) 

Step  6.  a.  Establish  the  peak  pressures  acting  on  each 
frame  using  the  pressures  determined  In 
Step  2 and  tabulated  in  Table  3. 

Pressures  acting  on  all  frames  normal  to 
wall  A: 

ph  * on  wal1  ^ = 3,47  psi  (23,94  kPa) 

Pv  = (Pso)j  - 1.65  psl  (11.38  kPa) 

Pressures  acting  on  all  frames  normal  to 
wall  B: 

ph  = ^ra)l  on  wa^  B = 4,06  psi  (28-01  kPa) 
Pv  = (Psoh  = K65  psi  01-38  kPa) 
b.  Calculate  a,  W|>  and  wp  for  each  frame: 

Frame  on  column  line  B: 

From  Figure  1: 

bv  - 0 m;  bfo  = 6.0  m 

9h  = ph^h  = = kN/m 

\ = Pvbv  = 11-38(2.0)  = 22.8  kN/m 

« = qh/qv  = 168.1/22.8  = 7.37  [Eq  (1)] 

The  dynamic  load  factors  from  Table  4 of  the 
text  are: 

DLF^  (beam  mechanism  1)  =1.0 
DLFb  (beam  mechanism  2)  = Ra 
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Dl  fp  (panel  mechanism)  3 0.5Ra 
Rrt  = 1.0  - bbsin 
S - 5.0  m 

a1  ” ^aB^I  = 6tl’ 

Ra  = 1.0  - 6.0  sin  60°/8(5)  = 0.87 
(wb)i  3 1.0qv  = 1.0(22.8) 

= 22.8  kN/m  (beam  mechanism  1) 

(wb)  2 = Ra%  = 0.87(22.8) 

= 19.8  kN/'rn  (beam  mechanism  2) 
wp  = 0.5Raqy  = 0.5(0.871(22.8) 

=9.9  kN/m  (panel  mechanism) 

Frame  on  column  line  2: 

The  calculation  of  these  values  for  the  frame 
on  column  line  2 is  illustrated  in  Step  4 of 
Example  A.l.  Similar  calculations  for 
(a^)j  = 30°  yield  the  following  results: 

(wb)-|  = 68.7  kN/m  (beam  mechanism  1) 

(wb)2  = 63.3  kN/m  (beam  mechanism  2) 

Wp  = 31.6  kN/m  (panel  mechanism) 

Step  7.  Substitute  the  values  of  a,  wb  and  wp  determined 
in  Step  6b  into  the  equations  for  the  various 
collapse  mechanisms  in  Table  1 of  the  text. 

For  the  frame  on  column  line  B: 

Collapse  mechanism  1: 

Mp  = (wb)1Lz/16  = [(22.8)(6.0)2]/16  = 51.3  kN-m 
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collapse  mechanism  5b- 

M _ (3/8)(awpH2)  = (3/8) (7. 37} (9.9) (5. O)^ 

p rr7?r-‘T72)"  — nr  (t -i72i — 

= 684/ (C  + 5/2) 

Expressions  for  Mp  for  the  remaining  collapse 
mechanisms  are  given  in  Table  4. 

For  the  frame  on  column  line  2: 

The  calculation  of  the  expressions  for  Mp  for  the 
frame  on  column  line  2 is  illustrated  in^Step  5 
of  Example  A.l . 

Step  8.  a.  For  each  frame,  calculate  Mp  for  several  trial 
values  of  C and  C]. 

For  the  frame  on  column  line  B: 

Collapse  mechanism  1: 

For  al  1 val  ues  of  C and  C-| , Mp  - 51  kN-m 

Collapse  mechanism  5b: 

For  C = 3 and  Ct  * 2,  Mp  = 684/(3  + 5/2) 

= 124  kN-m 

For  C = 2.5  and  C]  =2,  Mp  * 684/(2.5  + 5/2) 

= 137  kN-m 


Inspection  of  these  results  and  those  listed  in 
Tchle  4,  for  the  two  trials  investigated, 
reveals  that  value  of  Mp  = 1 j2  kN-m  (sare  in 
both  trials)  is  the  minimum  required  plastic 
bending  capacity  for  the  girders  of  this  frame. 
Also,  Trial  ?.  .yields  che  lowest  value  of  C, 
thereby  minimizing  the  required  capacities  of 
the  exterior  columns. 


Therefore,  the  required  bending  capacities  are: 
For  the  girder,  (Mp)x  - 152  kN-m  (111  kip-ft) 
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For  the  Interior  column,  C^(Mp)x  = 2.0(152) 

- 304  kN-m  (222  klp-ft) 

For  the  exterior  column,  C(Mp)x  * 2.5(175) 

- 380  kN-m  (278  klp-ft) 

For  the  frame  on  line  2: 

The  calculation  of  Mp  for  the  frame  on  column 
line  2 Is  Illustrated  In  Step  6 of  Example  A.l. 

The  following  results  were  obtained  for  this 
frame  using  the  loads  determined  In  Step  6b 
of  this  example: 

For  the  girder:  (Mp)x  ■ 210  kN-m  (155  klp-ft) 

For  the  Interior  column: 

C1(Mp)x  = 420  kN-m  (309  klp-ft) 

For  the  exterior  column: 

C(Mp)x  =315  kN-m  (232  klp-ft) 

b.  The  required  bending  capacities  for  all  members 
of  the  selected  frames  are  listed  In  Table  5. 

The  quantities  In  Italics  were  computed  from 
the  mechanism  analyses  of  the  frames  on  column 
lines  2 and  B.  The  remaining  quantities  were 
extrapolated  from  the  results  of  these  analyses 
as  follows: 

1.  The  required  bending  capacities  for  the  mem- 
bers of  the  frames  on  col  win  lines  A and  C 
are  taken  as  one-half  of  those  computed  for 
the  corresponding  members  of  the  frame  on 
column  line  B.  Based  on  this,  the  required 
x-axis  bending  capacities  for  members  C4  and 
G2,  and  the  required  y-axis  bending  capacity 
for  column  C3  are  taken  as  one-half  of  the 
bending  capacities  for  members  C2,  G1  and 
Cl,  respectively. 
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2.  The  required  bending  capacities  for  the  mem- 
bers of  the  frame  on  column  line  3 are  taken 
as  equal  to  those  for  the  corresponding  mem- 
bers of  the  frame  on  column  line  2. 

3.  The  required  bending  capacities  for  the  mem- 
bers of  the  frames  on  column  lines  1 and  4 
are  taken  as  one-half  of  those  computed  for 
the  corresponding  members  of  the  frame  on 
column  line  2.  Therefore,  the  required  x- 
axls  bending  capacity  of  girder  G4  Is  taken 
as  one-half  of  the  that  for  girder  G3.  In 
addition,  the  required  y-axls  bending 
capacities  for  columns  C2  and  C4  are  taken 
as  one-half  of  the  required  x-axIs  bending 
capacity  for  columns  Cl  and  C3,  respectively. 

Step  9.  Calculate  the  plastic  section  moduli  of  the  frame 
members  and  select  member  sizes. 

G1 rder  G1 : 

z„  ■ (V„/Fdy  (4» 

Member  bends  about  x-axIs; 

(Mp)x  = 152  kN-m  (from  Table  5) 

Zx  = 152/(273  x 103)  = 0.557  x 10-3  m3  (34.0  in3) 
Try  W12  x 27: 

Zx  = 38.0  In3  « 0.622  x 10'3  m3 
Col umn  Cl : 

zx  s (Mp)x/Fdy  l*q  (3ei)] 

Zy  = (MpJy/^y  [E(^  (3b)] 

From  Table  5: 

(M  )x  = 420  kN-m;  (Mp)y  = 304  kN-m 

Zx  * 420/(273  x 103)  = 1.54  x 10“3  m3  (93.9  In3) 


Zy  = 304/(273  x TO3)  =1.11  x 10"3  m3  (67.7  In3) 
Try  W14  x 111: 

Zx  = 196  In3  = 3.22  x 10"3  m3  > 1.54  x 10-3  m3 

Zy  = 94  In3  = 1.54  x 10"3  m3  >1.11  x 10"3  m3 

The  member  sizes  for  the  other  members  are  deter- 
mined in  a similar  manner  and  listed  in  Table  5. 

Step  10.  Establish  the  minimum  thickness  requirements  and 
compute  the  limiting  slenderness  ratio  for  all 
members . 

The  minimum  thickness  requirements  and  limiting 
slenderness  ratio  are  the  same  as  computed  in 
Step  8 of  Example  A.l. 

d/tv,<:8.4  [Eq  (8)] 

bf/2tf<8.5  (Table  5) 

Z/r  <.  Cc  = 122  [Eq  (4.1)  of  Ref  1] 

For  girder  G1 : W12  x 27 
d/t„  = 50.5  « 58.4 
bf/2tf  = 8.12  < 8.5 
Z = 6.0  m 

r = 5.07  in  (0.129  m) 

Z/r  = 6.0/0.129  = 46.5  < 122 
For  column  Cl:  W14  x 111 
d/t^  = 26.6  < 58.4 
bf/2tf  = 8.37  < 8.5 
For  bending  about  the  x-axis: 
rx  = 6.23  in  (0.158  m) 

Z = 5.0  m 
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Z/rx  = 5.0/0.158  = 31.6  < 122 

For  bending  about  the  y-axis: 

r y = 3.73  in  (0.095  m) 

£/ry  * 5.0/0.0951  = 52.6  < 122 

The  section  dimensions  used  in  the  above  calcula- 
tions are  obtained  from  the  "Properties  for  de- 
signing" tables  cf  Reference  14. 

The  values  of  d/t^,  b*/2tf  and  Hr  for  the  other 
frame  members  are  listed  in  Table  6. 

Step  11 . Compute  the  plastic  moment  capacities  of  the  frame 
members  and  reduce  these  moment  capacities  for 
lateral  torsional  buckling;  check  whether  the 
reduced  bending  capacities  satisfy  Equation  (6) 
or  (7),  as  the  case  may  be. 

Girder  SI;  W12  x 27 

Mpx  = (0.622  x 10’3)(273  x 103)  * 169.9  kN-m 

Assuming  the  compression  flange  to  be  laterally 
braced  by  the  decking; 

IV  ■ Mpx  - 169.9  kN-m 

^p^n^n  = ^p^x^nx  (7)3 

= 175/169.9  = 1 .03  < 1 .10 
Column  Cl ; W14  x 111 

Mpx  = (3.22  x 10~3) (273  x 103)  = 876.1  kN-m 
Mpy  = (1.54  x 10-3) ( 273  x 103)  = 420.4  kN-m 
rx  = 6.231  in  (0.158  m) 
ry  = 3.73  In  (0.095  m) 
l ~ 5.0  m 
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M,nx  - [1.07  - Z/ry/l^/262,394]MpX  < Mpx  [Eq  (5a)] 

= [1.07  - (5.0/0.095)^273  x 103/262,394]876.1 
= 845.0  kN-m 

Using  Equation  (5b)  of  the  text. 

For  l /rx  = 5.0/0. 15R  = 31.6: 

% ‘ Mpx  " 420 • 4 

(Mp)x/^x  = 420/845  - 0.5  < 1.1  [Eq  (6a)] 

(Mp)y/Mmy  = 3047420  = °-72  < 1*1  CEci  (6b)] 

Similar  computations  are  performed  for  the  other 
columns.  The  results  of  these  computations  are 
tabulated  in  Table  5. 

A. 3 Modeling  of  Frame  Structures  for  the  DYNFA  Program 

Problem  A. 3:  Construct  the  analytical  model  of  an  unbraced, 
interior,  rigid  frame  of  a single-story  steel 
building  subjected  to  a normal  shock  wave; 
prepare  the  related  input  data  for  DYNFA. 

Procedure: 

Step  1.  Establish  the  design  parameters: 

a.  Geometry  of  frame 

b.  Sizes  of  primary  frame  members;  secondary 
members,  decking  and  siding 

c.  Support  conditions  of  frame 

d.  Pcst-explosion  condition  of  structure 

e.  Static  tensile  stress,  Fy 

f.  Dynamic  increase  factor,  c 

g.  Modulus  of  elasticity,  E 
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Also  calculate  the  dynamic  tensile  yield  stress, 
Fdy  = cFy. 


These  data  are  available  from  the  preliminary 
design  phase  (Problem  A.1). 

Step  2.  Establish  the  scope  of  the  model  on  the  basis  of 
the  guidelines  given  In  Section  4.2.  Sketch  a 
line  diagram  of  the  frame  to  be  analyzed;  designate 
nodal  points  at  the  appropriate  locations  on  the 
mo.lel  (Section  4.2).  Assign  Identification  numbers 
to  the  nodal  points  and  elements  (Section  8.3). 
Specify  which  nodal  points  are  designated  as  mass 
points. 

Step  3.  Assign  dynamic  degrees  of  freedom  to  the  mass 

points  of  the  model  using  the  guidelines  given  in 
Section  4.3. 

Step  4.  Compute  the  masses  of  the  individual  panels  of 
the  walls  and  roof  within  the  tributary  strip 
supported  by  the  frame  (Fig  17  and  1?)  of  text). 

Also  compute  the  masses  of  the  interior  columns 
and  primary  transverse  members  within  the  tribu- 
tary strip. 

Step  5.  Using  Figures  17  and  19  of  the  text  (in  conjunc- 
tion with  figures  18  and  20,  respectively),  and 
the  masses  of  the  individual  panels  of  the  walls 
and  roof,  determined  in  Step  4,  compute  the  con- 
centrated masses  assioned  to  the  dynamic  degrees 
of  freedom  on  each  panel.  Tabulate  these  masses 
as  shewn  in  Table  7.  Include  the  mass  of  the 
interior  columns  and  transverse  girders  in  this 
tabulation. 

Step  6.  Determine  the  cross-sectional  properties  and 
capacities  o*  the  frjrne  members. 

The  cross-sectiorcl  properties  required  for  the 
analysis  are: 

a.  Area  of  cross-section,  A 
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Moment  of  inertia  about  an  axis  normal  to 
the  plane  of  the  frame,  Ix  or  Iy.  as  the 
case  may  be. 
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The  cross-sectional  properties  required  to  com- 
pute the  member  capacities  are: 

a.  Area  of  cross-section,  A 

b.  Radii  of  gyration,  rx  and  ry,  about  both 
principal  axes  of  the  cross-section 

c.  Plastic  section  modulus,  Zx  or  Zy,  about  an 
axis  normal  to  the  plane  of  the  frame. 

The  capacities  required  for  the  analysis  are: 

a.  Ultimate  dynamic  load  capacity  in  axial 
tension,  Pp  [Eq  (13)] 

b.  Ultimate  dynamic  load  capacity  in  axial 
compression,  Pu  [Eq  (14)1 

c.  Ultimate  bending  capacity  in  the  absence  of 
axial  load,  or  NLV,  depending  upon  the 
axis  of  bending  [Eq  (fa)  or  5b) 1 

Some  of  these  data  are  available  from  the  prelimi- 
nary design  phase. 

Tabulate,  as  shown  in  Table  8,  the  nodal  connec- 
tivities, cross-sectional  properties  and  the  axial 
load  and  bending  capacities  for  all  elements. 
Indicate  the  locations  of  local  pins  in  this  tabu- 
lation, if  any  are  utilized  in  the  analysis. 

Step  7.  Using  the  guidelines  provided  in  Figures  23  and/or 
24  of  the  text,  establish  the  dimensions  of  the 
tributary  loading  areas  that  are  assigned  to  the 
mass  points  on  the  exterior  members  of  the  frame. 
Compute  the  tributary  areas  and  tabulate  both  the 
dimensions  and  the  areas  as  shown  in  Table  9. 

Combine  adjacent  coplanar  areas  assigned  to  the 
one  mass  point. 

Step  0.  Establish  the  following  blast  loading  parameters: 

a.  Location  of  the  charge 

b.  Charge  weight,  W 

c.  Safety  factor,  SF 


d.  Normal  distance,  R*.  from  the  center  of  the 
charge  to  the  blastward  and  leeward  walls  of 
the  building 

Calculate  the  effective  charge  weight, 

WE  = (1.0  + SF'W. 

Most  of  these  data  are  available  from  the  pre- 
liminary design. 


Step  9.  a.  Compute  the  scaled  distances  from  the  center 
of  the  charge  to  the  blastward  and  leeward 
ends  of  the  building,  Z « 

b.  Enter  Figure  4-5,  4-11  or  4-12  of  Reference  3 
or  Figure  6 of  the  text  with  each  of  the 
scaled  distances  determined  above » and  read 
from  the  appropriate  curves: 

Peak  positive  incident  pressure,  Pso 

1 /3 

Scaled  unit  positive  impulse,  1S/W 
Shock  front  velocity,  U 


c.  Enter  Figure  4-5  or  4-12  of  Reference  3 or 
Figure  6 of  the  text  with  the  scaled  distance 
to  the  blastward  wall  and  read  from  the 
appropriate  curves: 

Peak  positive  normal  reflected  pressure,  Pr 

Scaled,un1t  positive  normal  reflected  impulse 
1r/W‘/ 3 

d.  Tabulate  all  values  as  shown  In  Table  10. 


Step  10.  Using  the  blast  wave  parameters  determined  In 

Steps  9b  and  9c,  construct  the  reflected  pressure 
time  history  on  the  blastward  wall: 


a.  Calculate  clearing  time  tc: 
tc  = 3S/U 

where  S = height  of  blastward  wail  or  one 
half  its  width 
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b.  Calculate  fictitious  positive  phase 
duration,  t0f : 


‘of 


= 2ic/P 


so 


Step  11 


c.  Determine  peak  dynamic  pressure,  q0,  from 
Figure  4-66  of  Reference  3 for  Pso. 

d.  Calculate  Pcn  + Cnq«.  Obtain  Cn  from  para- 
graph 4-14bof  Reference  3.  u 

e.  Calculate  fictitious  reflected  pressure 
duration, 

tr  = 2ir/Pr 

f.  Construct  the  reflected  pressure-time  curves 
shown  in  either  (a)  or  (b),  Figure  26  of  the 
text.  The  curve  utilized  for  the  analysis 
is  the  one  which  yields  the  smallest  value 
of  the  impulse  (area  under  curve). 

g.  Tabulate  all  values  as  shown  in  Table  10. 

Using  the  blast  wave  parameters  determined  in 
Step  9b,  determine  the  combined  incident/drag 
pressure-time  histories  at  the  blastward  and 
leeward  end  of  the  roof  as  follows: 

a.  Calculate  fictitious  positive  phase  duration, 
*of: 


b. 


^of  = 2is/Pso 

Determine  peak  dynamic  pressure  q0  from 
Figure  4-66  of  Reference  3 for  Pso. 


Step  12. 


c.  Calculate  Pso  + cn90*  Obtain  Cp  from  para- 
graph 4-14c  of  Reference  3. 

d.  Tabulate  all  values  as  shown  in  Table  10. 

a.  Determine  the  pressure  history  at  the  location 
of  each  mass  point  on  the  roof  by  linearly 
interpolating  for  both  the  pet;.  pressure  and 
the  duration,  using  the  data  computed  in  Step 
11  and  Equations  (15)  and  (16). 
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b.  Determine  the  pressure  history  for  each  mass 
point  on  the  leeward  wall  using  Equation?  (17) 
and  (18)  (where  appropriate  - see  Section  5.3), 
and  the  data  computed  in  Step  11. 

c.  In  a similar  manner.  Interpolate  for  the  shock 
front  velocities  at  the  mass  points  on  the  roof, 
and  extrapolate  for  these  quantities  at  the 
mass  points  on  the  leeward  wall. 

Tabulate  the  peak  pressures,  durations  and 
shock  front  velocities  as  shown  in  Table  11. 

If  large  pressure  differentials  occur  between 
the  blastward  and  leeward  ends  of  the  roof,  a 
more  refined  interpolation  for  the  pressure- 
time histories  may  be  required.  Refer  to 
Section  5.3  for  guidance,  if  this  is  necessery. 

Step  13.  Determine  the  values  of  parameters  a and  D for 
each  tributary  area  (Section  5.3).  Refer  to 
Figures  30,  and  32  through  34  of  the  text  for 
guidance  when  computing  these  quantities. 

Tabulate  all  values  as  shown  in  Table  11. 

Step  14.  a.  Using  the  pressure  histories  and  shock  front 
velocities  determined  in  Steps  10  and  12, 
the  values  for  a and  D determined  in  Step  13, 
and  the  equations  given  in  Section  5.3,  com- 
pute the  following  blast  loading  parameters 
for  each  tributary  area: 

1.  Travel  time,  ta,  computed  using  Equation  (19). 

2.  Rise  time,  tr^,  computed  using  Equation  (20). 

3.  Average  peak  pressure,  (Ppk)AVG>  computed 
using  Equation  (21). 

4.  Time,  tp^,  at  which  (Ppk )AVG  occurs,  computed 
using  Equation  (23). 

5.  Duration  of  the  pressure  loading  on  the 
tributary  area,  tnr,  computed  using 
Equation  (25). 

6.  Time  at  which  the  pressure  on  the  tributary 
area  decays  to  zero,  tp,  computed  using 
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Equation  (26).  Tabulate  these  data  as 
shown  in  Table  11. 


Step  15. 
Step  16. 

Step  17. 

Step  18. 

Example  A. 3: 

Required: 
Step  1 . 


b.  Using  the  parameters  determined  above, 
generate  the  digitized  data  defining  the 
pressure-time  history  input  for  DYNFA  as 
described  in  Section  8.9  and  illustrated 
in  Figures  60  and  61  of  the  text.  Assign 
an  identification  number  to  each  pressure 
waveform  entered  in  the  DYNFA  input. 

Compute  the  dead,  and  where  appropriate,  live  loads 
acting  on  the  frame.  Distribute  these  quantities 
as  uniform  and  concentrated  loads  as  described  in 
Section  8.10.  Tabulate  all  values  as  shown  in 
Tables  12  and  13. 

Compute  the  integration  time  interval  on  the  basis 
of  either  Equation  (34)  or  (35)  (whichever  governs). 
In  addition,  specify  the  desired  duration  of  the 
response  on  the  basis  of  the  sidesway  natural 
period  of  the  frame  as  computed  using  the  data  in 
Table  8 of  the  text  and  either  of  Equations  (36) 
or  (37)  (as  the  case  may  be). 

Locate  the  origin  of  the  global  system  for  the 
model;  establish  the  direction  of  the  global  axes, 
(Section  8.4),  and  specify  the  nodai  coordinates 
(Fig  4). 

Transfer  the  nodal  coordinates,  together  with  the 
tabulated  data  (as  contained  in  Tables  7 through 
13)  to  punched  cards  using  the  input  formats  for 
DYNFA,  which  are  specified  in  Section  8.13. 

Construct  the  analytical  model  of  an  unbraced, 
interior,  rigid  frame  of  a single-story  steel 
building  subjected  to  a normal  shock  wave,  and 
prepare  the  related  input  data  for  DYNFA. 

The  analytical  model,  and  all  related  input  data 
for  DYNFA,  for  the  rigid  frame  designed  in  Example 
A.l. 


From  Example  A.l,  given: 

a.  Geometry  of  interior  frame  on  column  line  2 
(Fig  1) 
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b.  Sizes  of  primary  frame  members: 

1.  Roof  girders:  W12  x 40 

2.  Exterior  columns:  W14  x 53 

3.  Interior  columns:  W14  x 61 

Sizes  of  secondary  members,  decking  and  siding 
shown  in  Figure  1. 

Size  of  primary  transverse  girders:  W12  x 36 

c.  Pin-ended  column  supports 

d.  Reusable  structure 

e.  Fy  = 248(1 0) 3 kPa  (36  ksi) 

f . c = 1 .1 

g.  E = 207(10)®  kPa  (30  x 106  psi) 

Fdy  = 273(1 0) 3 kPa  (39.6  ksi) 

Step  2.  The  interior  frame  on  column  line  2 (Fig  1)  is 
modeled  for  analysis  with  DYNFA.  The  model  in- 
cludes only  the  steel  frame,  as  the  foundation 
response  is  assumed  to  have  a negllble  impact  on 
the  frame's  response  (Mpm^  > 2Mst^|_).  A line 
diagram  of  the  frame  is  shown  in  figure  4.  The 
following  locations  on  the  frame  are  designated 
as  nodal  points: 

a.  All  column  base  connections:  nodes  1,  10  and 

18 

b.  All  column/girder  connections:  nodes  5,  9 

and  14 

c.  Three  intermediate  locations  within  the  span 

of  each  exterior  member:  nodes  2 through  4, 

6 through  8,  11  through  13  and  15  through  17. 
In  each  group  of  three  intermediate  nodal 
points,  two  nodes  are  located  at  the  connec- 
tions of  the  secondary  members  (purlins  and 
girts)  to  the  frame  proper.  These  nodes  are 
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2,  4,  15  and  17  on  the  exterior  columns;  and 
6,  8,  11  and  13  on  the  roof  girders.  The 
third  node  in  each  group  is  used  for  the  pur- 
pose of  computing  the  maximum  chordal  angle 
(Section  4.2)  at  the  midspan  of  the  member. 

Nodal  points  at  the  following  locations  are  desig- 
nated at  mass  points  (Fig  4). 

a.  All  column/girder  connections 

b.  All  locations  on  exterior  members  correspond- 
ing to  the  connections  of  secondary  members 
to  the  frame  proper. 

Step  3.  Assign  dynamic  degrees  of  freedom  to  the  mass 
points  of  the  model. 

Consistent  with  the  guidelines  given  in  Section 
4.3,  the  dynamic  degrees  of  freedom  for  the  model 
are  designated  as  shown  in  Figure  4b.  Note  that 
the  mass  points  at  the  girder/ column  intersections 
(nodes  5,  9 and  14)  are  assigned  two  dynamic  degrees 
of  freedom  (one  in  the  horizontal  direction  and  the 
other  in  the  vertical  direction),  while  all  inter- 
mediate mass  points  (nodes  2,  4,  6,  8,  11,  13,  15 
and  17)  are  assigned  one  dynamic  degree  of  freedom 
which  is  directed  normal  to  the  longitudinal  axis 
of  the  member. 

Step  4.  Compute  the  masses  of  the  individual  wall , roof  and 
floor  panels  (if  any)  within  the  tributary  strip 
supported  by  the  frame,  Also  compute  the  masses  of 
all  interior  columns  and  transverse  girders  within 
the  strip. 

Referring  to  Figure  1,  the  frames  are  equally  spaced 
6.0  meters  apart;  therefore,  the  tributary  strip  is 
6.0  meters  wide  and  includes: 

a.  Two  exterior  wall  panels,  each  of  which  is  6.0 
meters  wide  by  5.0  meters  high.  Since  there 
are  only  two  girts  within  each  panel,  the  mass 
of  these  members  will  not  be  included  as  a part 
of  the  panel  mass  (see  Fig  17  of  text,  case  2b). 
Hence,  the  mass  of  each  wall  panel  is  taken  as 
the  sum  of  the  masses  of  the  following  struc- 
tural components: 
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1.  Siding:  Type  2 - 20  x 20 

Weight  = 4.2  psf  (20.5  kg/m2) 

Mas?  *=  20.5  x 6.0  x 5.0  = 615  kg 

2.  Exterior  column:  W14  x 53  (78.9  kg/m) 

Length  = 5 meters 
Mass  = 78.9  x 5.0 
= 394.5  kg 

3.  The  mass  of  a wall  panel.  My,  Is: 

M^  * 615  + 394.5  = 1,009.5  kg 

b.  Two  roof  panels,  each  of  which  is  6.0  meters 
wide  and  6.0  meters  long.  As  was  the  case  with 
the  wall  panels,  the  mass  of  the  secondary 
framing  of  the  roof  is  not  included  as  part  of 
the  roof  panel  mass.  Hence,  the  mass  of  each 
roof  panel  Is  taken  as  the  sum  of  the  masses 
of  the  following  structural  components  (Fig  19 
of  text,  case  2b) : 

1.  Decking:  Type  2 - 20  x 20 

Weight  = 4.2  psf  (20.5  kg/m2) 
Mass  = 20.5  x 6.0  x 6.0  ! 738  kg 

2.  Girder:  W12  x 40  (59.4  kg/m) 

Length  = 6.0  ir. 

Mass  * 59.4  x 6.0  = 35C.4  kg 

3.  The  mass  of  a roof  panel,  MR,  is: 

Mr  = 738.0  + 356,4  = 1,094.4  kg 

c.  Two  girts  on  each  exterior  wall,  each  of  which 
Is  a WM  x 26  (38.7  kg/m),  6 meters  long. 

mg  » 3P.7  x 6.0  = 232.2  kg 
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d.  Two  purlins  on  each  roof  panel,  each  of  which 
is  a W12  x 19  (28.2  kg/m),  6 meters  long. 

mp  = 28.2  x 6.0  = 169.2  kg 

e.  Interior  column:  W14  x 61  (90.8  kg/m) 

Length  = 5.0  m 

Mass  = 90.8  x 5.0  = 453.8  kg 

f.  Three  transverse  girders,  each  of  which  is  a 
W12  x 36  (53.6  kg/m),  6 meters  long. 

Mass  of  one  transverse  girder  = 53.6  x 6.0 

= 321 .6  kg 

Step  5.  Compute  the  concentrated  masses  assigned  to  the 
dynamic  degrees  of  freedom  in  each  panel. 

Using  Figure  17,  case  2b,  in  conjunction  with 
Figure  18,  both  of  the  text,  the  concentrated 
masses  for  an  exterior  wall  panel  are  computed 
as  follows: 


My  = 1,009.5;  mg  = 232.2  kg;  ng  = 2 
Ndqfh  = 2 from  Figure  4b 
Therefore: 

(Mir)w  = Mw/(ND0FH  + 1)  + mg 

= 1,009.5/(2  +1)  + 232.2  = 568.7  kg 
(MEH)w  = V£2(ND0FH  +1^ 

= 1 .009. 5/[2(2  + 1)]  = 168.3  kg 

ng 

(Mev)w  = [ty  + ^ fagi)]/2 

= [1,009.5  + 2(232.2)]/2  = 737  kg 


The  mass  distribution  for  the  blastward  column 
proceeds  as  follows:  (M^)w  is  assigned  to  the 
horizontal  dynamic  degress  of  freedom  at  the 
intermediate  mass  points  (nodes  2 and  4) ; and 

and  ^MEV^W  are  ass-i9ned  t0  the  horizontal 

and  vertical  dynamic  degrees  of  freedom  at  the 
column/girder  connection  (node  5).  Since  the 
column/ foundation  connection  (node  1)  is  a sup- 
port point,  the  portion  of  the  wall  mass  that 
would  be  concentrated  there  is  discarded.  The 
mass  distribution  on  the  leeward  column  is  exactly 
the  same  as  that  on  the  blastward  column. 

Using  Figure  19,  case  2b,  in  conjunction  with 
Figure  20  (both  of  the  text),  the  concentrated 
masses  for  a roof  panel  are  computed  as  follows: 

Mr  = 1,094.4  kg;  mp  = 169.2  kg;  ng  = 2 
Nqofv  = 2 from  Figure  4b 
Therefore . 


np 

(MEH^R  = CMR  + i (mpi^2 

= [1  ,094.4  + 2(169. 2)]/2  = 716.4  kg 

(miv)r  = Mr/ (Nqofv  + ^ + mp 

= 1,094.4/(2  + 1)  + 169.2  = 534  kg 
(Mev)r  = MR/[2(NjjQpy  + 1)] 

= 1 ,094.4/[2(2  + 1)  = 182.4  kg 

The  mass  distribution  for  the  blastward  roof 
girder  proceeds  as  follows:  (MjV)r  is  assigned 

to  the  vertical  dynamic  degrees  of  freedom  at 
the  Intermediate  mass  points  (nodes  6 and  8); 
and  (Meh)r  and  (MEV)R  are  assigned  to  the  hori- 
zontal and  vertical  dynamic  degrees  of  freedom 
at  the  girder/column  connections  (nodes  5 and  8). 
The  mass  distribution  for  the  leeward  girder  Is 
exactly  the  same  as  that  for  the  blastward 
girder. 
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The  concentrated  masses  for  the  wall  and  roof  panels 
are  tabulated  In  Table  7.  The  mass  of  the  interior 
columns  and  transverse  girders  are  Include^  in  this 
tabulation.  Note  that  there  are  several  contribu- 
tory masses  assigned  to  the  mass  points  at  the 
girder/ column  connections.  Here,  the  total  mass  is 
the  sum  of  all  the  contributory  masses  from  several 
components  (wall  panels,  roof  panels,  interior 
columns,  transverse  girders). 

Step  6.  Determine  the  cross-sectional  properties  and 
capacities  of  the  frame  members. 

Girder:  W12  x 40 

From  Step  1:  Fdy  = 273  x 103  kPa 

E = 207  x 106  kPa 

From  Example  A.l:  ^ = 254  kN-m 

Cc  = 122 

The  following  cross-sectional  properties  of  the 
member  are  obtained  from  the  "Properties  for 
designing"  tables  of  Reference  14. 

a.  A = 11.3  in2  (76.1  cm2) 

b.  Ix  = 310  in4  (12,834  cm*) 

The  following  additional  data  is  obtained  from  the 
same  reference  to  compute  Pu: 

rx  = 5.13  in  (0.130  m) 

ry  = 1.94  in  (0.049  ml 

Using  Equation  (13): 

Pp  = FdyA  = (273  x 1 03) ( 76 . 1 x 10"4) 

= 2,078  kN 

According  to  Equation  (14)  of  the  text: 

Pu  = 1.7FaA 
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Here,  Fa  Is  computed  using  Equation  (4.3)  of  Refer- 
ence 1.  To  use  this  equation,  compute  the  maximum 
of  either  Z/ ry  or  K Z/rx  (Table  4.1,  Ref  1). 

For  buckling  about  the  weak  axis,  Z Is  measured 
between  points  of  lateral  bracing;  i.e.,  purlin/ 
girder  connections: 

Z/ry  = 2. 0/(4. 93  x 10"2)  = 40.6 

For  buckling  about  the  strong  axis,  Z Is  measured 
between  the  vertical  support  points,  i.e.,  girder/ 
column  connections.  Using  a value  of  0.75  for  the 

effective  length  factor,  K,  as  recomnended  In  Sec- 
tion 4.4  of  Reference  1: 

KZ/rx  = (0.75  x 6)/(l 3.03  x 10-2)  = 34.6  < 40.6 

Equation  (4.3)  of  Reference  1: 

Cl  - dy 

2C2 

Fa  = — — - 

5 + 3(KZ/r)  - (K  1/rV 

3 8 Cc  8C3 

KZ/r  = 40.6 

Fdy  » 273  x 103 

Cc  - 122 

F = [1  - 40 . 62/ ( 2 x 1222)1(273  x 103) 

* 5/3  + [3(40.6)/8(122)]  - [40.63/8(122)3] 

= 144.3  x 103  kPa 

Pu  = 1.7(144.3  x 1 0'3) (76.1  x 10“4) 

= 1,867  kPa 

Values  of  Pp,  Pu  and  Mmx  for  all  members  are  tabu- 
lated in  Table  8 together  with  the  Identification 
numbers  and  nodal  connectivities  for  the  elements 
representing  them. 
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Step  7.  Establish  the  dimensions  of  the  tributary  areas 

assigned  to  the  mass  points  on  the  exterior  members. 

Since  the  secondary  members  are  normal  to  the  frame, 
the  dimensions  of  the  tributary  areas  for  the  roof 
and  wall  panels  are  established  according  to  the 
data  given  in  Figure  24  of  the  text.. 

For  a roof  panel : 

From  Figure  1:  Wj  = 6.0  m 

W-|  = W*>  = 3.0  m 

L - 6.0  m 

From  Figure  4b:  = 2 

For  an  intermediate  mass  point  (nodes  6,  8,  11  and 
13): 

Width  of  tributary  area  = Wj  = 6.0  m 
Length  of  tributary  area  = 

L/(NM  + 1)  ■ 6. 0/(2  + 1)  = 2.0  m 
Area  * 6.0  x 2.0  = 12.0  m2 

For  a mass  point  at  the  end  of  the  member  (nodes  5, 

9 and  14) : 

Width  of  tributary  area  = Wy  = 6.0  m 
Length  of  tributary  area  = 


L/2(Nm  + 1)  = 6/2(2  + 1)  = 1.0  m 


Area  s 6.0  x 1.0  5 6.0  m2 

The  dimensions  of  the  tributary  areas  for  the  panels 
of  the  blastward  and  leeward  walls  are  established 
in  a similar  manner.  The  dimensions  of  each  tribu- 
tary area  is  shown  in  Figure  5 and  tabulated  in 
Table  9.  Note  that  the  two  contributory  coplanar 
areas  from  the  blastward  and  leeward  roof  panels 
are  combined  into  one  area  which  is  assigned  to 
node  point  9. 
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Step  8.  From  the  preliminary  design  Example  A.l,  Step  1: 

a.  Location  of  charge,  surface  burst 

b.  Charge  weight:  W = 1,140  kg  (2,500  lb) 

c.  Safety  factor:  SF  = 20  percent 

d.  Normal  distance  to  blastward  wall: 

433  ft  (132  m) 

e.  Normal  distance  to  leeward  wall: 

433  + 39.4  = 472.4  ft  (144  m) 

f.  Effective  charge  weight.  Wf  = (1.0  + SF)W 

= 1.2(1  ,140)  = 1 ,360  kg  (3,000  lb) 

Step  9.  WE  = 3,000  lb;  wj/3  = 14.42  lb1/3 
Point  on  blastward  wall: 

a.  Ra  * 433  f. 

Z = 433/14.42  = 30  ft/lb1/3 

b.  Entering  Figure  4-12  with  Z = 30  ft/lb1/3: 

Pso  = 1.65  psi  (11.4  kPa) 

1S/W1/3  = 3.4  psi-ms/lb1/3 

is  = ( 3. 4) (14. 43)  = 49.03  psl-rns 

U = 1.16  ft/ms  (353.6  m/sec) 

Steps  9a  and  9b  are  repeated  for  the  point  on 
leeward  wall . 

c.  Entering  Figure  4-12  with  Z = 30  ft/lb^3: 

Pr  = 3.51  psi  (24.2  kPa) 

1r/W1/3  * 6.9  psi-ms/lb1/3 

ir  = (6. 9) (14. 42)  = 99.5  psi -ms 


'.1 


A 
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d.  All  values  are  tabulated  in  Table  10. 


Step  10.  Determine  the  reflected  press ure-ti me  history  for 
the  blastward  wall: 

a.  tc  * 3S/U 

$ = 5.0  m < 12.0  m/2  (From  Fig  1) 

U = 353.6  m/sec  (From  Table  10) 
tc  = 3(5 .0 ) /353 . 6 = 0.042  sec 

b*  tbf-2Vpso 

From  Table  10:  is  - 49.03  psi-ms 

Pso  = 165  psi 
tof  = 2 (4S . 03) /I .65 

= 59.4  ms  = 0.0594  sec 

c.  q0  = 0.066  psi  (0.45  kPa)  for 

Pso  = 1.65  psi  by  extrapolating  the  data  in 
Figure  4-66  of  Reference  3. 

d.  From  paragraph  4- 14b  of  Reference  3, 

Cq  = 1.0  for  the  blastward  wall. 

Therefore:  Pso  + Cpq0  = 1.65  + 1.0(0.065) 

= 1.72  psi 

e.  tj«  = 2ir/Pr 

ir  - 99.5  psi-ms 
Pr  = 3.51  psi 

tr  - 2(99. 5)/3. 51  = 56.7  ms 

f.  The  reflected  pressure-time  histories  shown  in 
Figure  6a  are  constructed  using  these  data. 
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Step  1 1 . 


Step  12. 


Note  that  the  curve  shown  as  a dotted  line, 
which  was  constructed  using  Pr  and  tr,  has  a 
higher  Impulse  than  the  other  curve,  which  Is 
the  one  used  In  the  analysis. 

g.  All  values  are  tabulated  In  Table  10. 

Determine  the  combined  Incident/drag  pressure-time 
history  at  the  blastward  end  of  the  roof: 

a.  t$g  = 21 $/P$o 

From  Step  10b:  t0f  = 0.0594  sec 

b.  From  Step  10c:  q0  = 0.066  psl  (0.48  kPa) 

c.  From  paragraph  4-1 4c  of  Reference  3: 

CD  = -0.40  for  the  roof  and  leeward  wall. 
Therefore,  P$0  + Cgq0  = 1.65  - 0.40(0.065) 

= 1.62  psl  (11.1  kPa) 

d.  Steps  11a  through  11c  are  repeated  for  the 
point  at  the  leeward  end  of  the  building  and 
all  values  are  tabulated  in  Table  10. 

a.  Determine  the  pressure-time  histories  at  the 
locations  of  all  mass  points  on  the  roof 
using  Equations  (15)  and  (16),  and  the  data 
determined  In  Step  11. 

At  the  blastward  end  of  the  frame: 

(ppk^B  = pso  + °D%  kPa 

^dr^B  = *of  = 0,0594  sec 
At  the  leeward  end  of  the  frame: 

(ppk>L  = Pso  + CD%  = 9,9  kPa 
(tdr)i  55  t0f  = 0.0624  sec 
Lr  = 12.0  m (Fig  1) 
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For  node  point  9 on  the  roof  (Fig  5a): 

£gr  a 6.0  m 

Using  Equations  (15)  and  (16): 

(Ppk)q  = 11.1  ~ (11.1  - 9.9H6.0)  [Eq  (15)] 

y 12.0 


= 10.5  kPa 

(tHr)o  • 0.0594  - (0.0594  - 0.0624)(6.0) 

12.0 

[Eq  (16)] 

= 0.0609  sec 

b.  Determine  the  pressure-time  histories  at  the 
locations  of  all  mass  points  on  the  leeward 
wall  using  Equations  (17)  and  (18)  and  the 
data  determined  in  Step  11. 

For  node  point  17  on  the  leeward  wall: 

ly/l  = 3.33  m (Fig  5) 

( PDk ) 1 7 * 9-9  - 01.1  - 9.9)(3.33)  [Eq  (17)] 
H 12.0 
= 9.5  kPa 

(td  )17  • 0.0624  - (0.0594  - 0.0624)(3.33) 

12.0 

[Eq  (18)] 

= 0.0632  sec 

The  blast  loading  parameters  defining  the 
pressure  waveforms  (Pp|<»  t(jr)  at  all  of  the 
mass  points  are  tabulated  in  Table  11. 

c.  The  shock  front  velocity  remains  constant  as 
the  wave  traverses  the  building;  therefore, 
no  interpolation  or  extrapolation  for  this 
quantity  is  required  in  this  problem. 

Step  13.  Determine  the  values  of  a and  D for  the  tributary 
areas . 
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Based  on  the  dimensions  of  the  tributary  areas 
shown  In  Figure  5 and  using  Figure  32  for  guidance, 
the  following  values  of  a and  D for  node  9 on  the 
roof  are  determined: 

D = d2  and  a = 

From  Figure  5:  d2  = 5.0  m and  l 2 = 2.0  m 

Using  Figure  33  for  guidance,  the  following  values 
of  a and  D are  determined  for  node  17  on  the 
leeward  wall: 

D = L + h'j  and  a = h2 

From  Figure  5: 

L = 12.0  m 

h-|  = 2.5  m;  h2  = 1 .67  m 
D = 12.0  + 2.5  = 14.5  m 
a = 1 .67  m 

Values  of  a and  D for  the  other  mass  poii.ts  on  the 
model  are  tabulated  in  Table  11. 

Step  14.  a.  Compute  the  blast  loading  parameters  for  modi- 
fying the  pressure-time  histories  at  each  mass 
point. 

For  node  point  9: 

From  Step  12c: 

Ppk  = 10.5  kPa;  tdr  * 0.0609  sec;  U = 353.6  m/sec 
From  Step  13: 
a = 2.0  m;  D = 5.0  m 

1.  ta  * D/UavG  = 5.0/353.6  = 0.0141  sec  [Eq  (19)] 

2.  trt  = a/Ug  = 2.0  /353.6  = 0.0056  sec  [Eq  (20)] 

3.  (ppk)AVG  = W1  “ (a/2Utdr)]  [Eq  (21)] 
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= 10.5[1.0  - 2.0/ (2.0) (353. 6) (0.0609)] 
= 10.0  kPa 


4. 

t , = t + t . 
pk  a rt 

[Eq 

(23)] 

= 0.0141  + 0.0056  = 

0.0197  sec 

5. 

*DI  = *rt/2  + tdr 

[Eq 

(25)] 

= 0.0056/2  + 0.0609 

= 0.0637  sec 

6. 

tT  = ta  + toi 

[Eq 

(26)] 

= 0.0141  + 0.G637  = 

0.0778  sec 

The  values  of  these  parameters  for  the  other 
mass  points  are  computer  in  a similar  manner 
and  all  results  are  tauulated  in  Table  11. 

b.  Generate  the  digitized  data  defining  the 

pressure-time  history  input  for  DYNFA  as  des- 
cribed in  Section  8.9  and  illustrated  in  Fig- 
ures 60  and  61  of  the  text. 

For  node  point  9: 


Point 

Pressure 

Time 

Parameter 

Parameter 

1 

- 

0.0 

- 

0.000 

2 

- 

0.0 

ta 

0.0141 

3 

(ppk^AVG 

10.0 

‘pk 

0.0197 

4 

- 

0.0 

tT 

0.0778 

5 

0.0 

tf 

1.000 

Waveform  identification  number  = 7 (from  Table  11). 
Number  of  points  in  waveform  - 5 (from  above). 
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The  digitized  data  defining  the  pressure-time 
histories  for  the  other  mass  points  are  given  in 
Appendix  B. 

Step  15.  Compute  the  dead  loads  acting  on  the  frame  and 

distribute  these  loads  among  the  elements  and  nodal 
points  of  the  model.  In  DYNFA,  the  dead  loads  are 
entered  in  mass  unit*  when  SI  units  are  utilized  in 
the  analysis  and  the  conversion  of  mass  to  force  is 
performed  by  the  program.  Therefore,  in  the  compu- 
tations that  follow,  the  dead  loads  are  given  in 
kilograms. 

a.  Distribution  of  the  weight  of  a roof  panel: 

1.  The  uniform  load  acting  on  the  girder 
consists  of  its  own  weight: 

w = 59.4  kg/m  (from  Step  4). 

This  loading  is  applied  to  elements  5 
through  8,  and  10  through  13. 

2.  The  concentrated  loads  acting  along  the 
girder  consists  of  the  reactions  of  the 
purlins.  Each  purlin  supports  its  own 
weight  as  well  as  one  third  the  weight  of 
the  decking  within  each  roof  panel. 

From  Step  4: 

Weight  of  decking  = 738  kg 

Weight  of  one  purlin  = 169.2  kg 

Concentrated  load  acting  along  girder  (nodes 
6,  8,  11  and  13)  = (1/3) (738)  + 169.2 

= 415.2  kg 

The  remaining  one  third  of  the  decking 
weight  is  supported  by  the  transverse 
girders,  and  therefore  is  applied  as  a 
concentrated  load  at  each  girder/column 
connection. 
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b.  Distribution  of  the  weight  of  a wall  panel: 

1.  The  distributed  load  acting  on  the  column 
is  its  own  weight: 

w = 78.9  kg/m 

This  loading  is  applied  to  elements  1 
through  4,  and  14  through  17. 

2.  One  half  the  weight  of  the  wall  (includ- 
ing girts)  is  applied  as  a concentrated 
load  at  the  exterior  column/girder 
connection. 

From  Step  4: 

Weight  of  siding  = 615  kg 

Weight  of  2 girts 

(232.2  kg/girt)  = 464.4  kq 

1,079.4  kg 

Concentrated  load  acting  at  each  exterior 
column/girder  connection  (nodes  5 and  14): 

( 1/2) ( 1 ,079.4)  = 539.7  kg 

c.  The  weight  of  the  transverse  girders  is  applied 
directly  to  the  girder/column  connections 
(nodes  5,  9 and  14). 

d.  The  weight  of  the  interior  column  (90.8  k9''m  - 
from  Step  4)  is  applied  as  a uniformly  dis- 
tributed load  to  element  no.  9. 

The  dead  loads  applied  to  the  elements  are 
tabulated  in  Table  12;  concentrated  loads 
applied  to  the  appropriate  nodal  points  are 
tabulated  in  Table  13. 

Step  16.  Compute  the  integration  time  interval  and  specify 
the  duration  of  the  response. 

Integratio?)  time  interval: 

Check  the  extensional  modes  of  the  members: 
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E = 207  x 106  kPa  (Step  1) 

Ta  = 2Wfe(l. 241)/(101  x 10-4)(207  x 1C6) 

= 0.011  sec 

Interior  column:  L * 5.0  m (Fig  1) 

Me  = 913.3  kg  (Table  7) 

= 0.9133  kN-sr-’/m 
A = 115.0  cm2  (Table  8) 

E » 207  x 106  kPa 

Ta  = 2ttv4(0.9133)/(115  x 10~4)(207  x 106) 

- 0.0087  sec 

Roof  girder:  L = 6.0  m (Fig  1) 

Me  = 1,206.3  kg  (Table  7) 

= 1.2063  kN-sec2/m 
A = 76.1  cm2  (Table  8) 

E = 207  x 106  kPa 

Ta  = 2tt^.0(1.2063)/(76.1  x 10'4)(207  x 106) 

= 0.0135  sec 

Check  the  second  bending  mode  of  vibration  of  the 
exterior  column  and  the  roof  girder: 

Tb  = (l/CrV^/EI  [£q  (?5)] 


* 


i 


Aiiatoiite  itifiiiajfcMaeAii jattfllftl 
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Exterior  column:  C = 7.95  (Table  7 of  text) 

Mi  * 2 x 568.7 

= 1,137.4  kg  (Table  7) 

= 1.1374  kN-sec?/m 

I = 22,550  cm4  (Table  8) 

Tb  = -y/(l  .1374) (5. 0)3/ (20 7 x 106)(22,550  x 10~R) 

7.95 

- 0.0069  sec 

Roof  girder:  C = 9.82  (Table  7 of  text) 

Mi  = 2 x 534  = 1,068  kg  (Table  7) 

= 1.068  kN-sec^/m 
I = 12,834  (Table  8) 

Tb  aV(1.068)(6. 0)3/(207  x 106)(12,834  x 10~8) 

9.82 


= 0.0095  sec 

Inspection  of  these  results  indicates  that  the 
second  bending  mode  of  vibration  of  the  exterior 
column  has  the  shortest  period  (highest  frequency); 
hence,  the  integration  time  increment  used  is 
1/20  of  this  period: 

At  = 0.0069/20  - 0.000345  sec 

Use  At  = 0.00035  sec 

Duration  of  response  and  number  of  integration 
time  increments: 

Compute  sidesway  natural  period  uf  frame: 

Ts  = [Eq  (36)] 

Here,  ma  is  the  total  mass  of  the  roof  panels, 
purlins~and  transverse  girders  plus  one  third  the 
mass  of  the  wall  panels,  girts  and  interior  columns 
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From  Step  4: 


Mass  of  2 roof  panels 
(1,094.4  kg/ panel) 

= 2,188.8  kg 

Mass  of  4 purlins 
(169.2  kg/purlin) 

= 676.8  kg 

Mass  of  3 transverse  girders 
(321.6  kg/girder) 

= 964.8  kg 

Total  = 3,830.4  kg 

Mass  of  2 wall  panels 
(1,009.5  kg/panel) 

= 2,019.0  kg 

Mass  of  4 girts 
(232.2  kg/girt) 

= 928.8  kg 

Mass  of  interior  column 

= 453.8  kg 

Total  = 3,401 .6  kg 

nig  = 3,830.4  + (1/3)(3,401 .6)  = 4,964.3  kg 
* 4.964  kN-sec2/m 

K = (EIcaC2/H3)[l  + (0.7  - 0.1e)(n  - 1)] 

(Table  8 of  text) 

E * 207  x 106  kPa 

Ica  = zlc/(n  + 1)  (Table  8 of  text) 

From  Table  8 of  Appendix  A: 

I for  exterior  column  = 22,550  cm4 

I for  interior  column  = 26,670  cm4 

Ica  = 2(22,550)  + 26,670  = 23,923  cm4 
3 

H 5 5.0  m (Fig  1) 

3 = 0.0  (Table  8 of  text) 
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C2  Is  a function  of  D and  B: 

D = (Ig/L)/[Ica(0.75  + 0.25  )/H]  (Table  8 of  text) 

From  Table  8 of  Appendix  A:  Ig  = 12,834  cm^ 

D * 12,834/6.0  = 0.6 

23,923(0.75)/5.0 

For  D = 0.6  and  B = 0.0:  C2  = 4.93 

therefore: 

K = (207  x 106)(23,923  x 10'8)(4.93)n  + 0.7(2  - 1)1 

53 

= 3,320  kN/m 

Kl  = 0.55(1  - 0.25B);  B - 0 
= 0.55 

Tc  = 2ir  A.  964/  [3, 320  '(0.5  5)1 
= 0.33  sec 

Here,  the  response  will  be  computed  for  a duration, 
Tf,  of  (l/2)Tc*,  therefore,  the  numLer  of  Integration 
time  Increments,  NOT,  Is: 

NDT  = 1 + Tf/At  [Eq  (39)] 

Tf  = (1/2)TS  = 0.165  sec 

At  = 0.00035  sec 

NDT  = 1 + 0.165/0.00035  = 471 

Use  500  Increments  In  the  analysis. 

Step  17.  The  origin  of  the  global  coordinate  system  Is 
located  at  nodal  point  1 (Fig  4),  which  Is  the 
lower  left-hand  support  point  of  the  model.  The 
nodal  coordinates  are  specified  on  the  sketch 
of  the  model  (Fig  4a). 
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Problem  A. 4: 


The  nodal  coordinates  together  with  the  data  con- 
tained In  Tables  7 through  13  are  punched  on  Input 
data  cards  according  to  the  format  specifications 
In  Section  8.13.  A listing  of  the  input  data  deck 
for  this  problem  is  given  in  Appendix  B.  Note  that 
the  blast  loads  on  the  leeward  walls  and  roof  act 
in  the  negative  directions  of  the  global  X and  Y 
axes,  respectively.  Therefore,  the  tributary  areas 
on  these  surfaces  are  entered  as  negative  quantities 
In  the  input  to  DYNFA.  In  addition,  the  dead  loads 
act  In  the  negative  direction  of  the  global  Y axis. 
Therefore,  in  the  DYNFA  input,  -Y  is  entered  as  the 
direction  of  the  element  uniform  loads  and  the  con- 
centrated nodal  loads  in  Table  13  are  entered  as 
negative  quantities. 

: Construct  the  analytical  models  of  several 

representative  frames,  spanning  in  each  direction, 
of  a single-story  rigid  frame  steel  building  sub- 
jected to  a quartering  shock  wave;  prepare  all 
related  input  data  for  DYNFA. 


Procedure: 

Step  1. 
through 
Step  7. 


Construct  the  analytical  model  of  each  frame 
(selected  for  analysis  with  DYNFA)  as  outlined 
in  Steps  1 through  3 of  Problem  A. 3.  Compute 
ciie  following  data  for  each  model  as  instructed 
in  Steps  4 through  7 of  the  same  problem: 


a.  Masses  of  the  individual  panels  of  the  walls 
and  roof  supported  by  frame. 

b.  Concentrated  masses  assigned  to  the  dynamic 
degrees  of  freedom. 


c.  Cross-sectional  properties  and  capacities  of 
frame  members;  prepare  a tabulation  contain- 
ing the  element  nodal  connectivities,  and 
thei"  rros.  ctlonal  properties  and  capacities, 

d.  Dimensions  of  tributary  loading  areas  assigned 
to  the  mass  points  on  the  exterior  members. 

Step  8.  Establish  the  foT','''«'ing  blast  loading  parameters: 
a.  Location  of  arae 


b.  Charge  weight,  W 

c.  Safety  factor,  SF;  calculate  effective  charge 
weight,  WE  = (1.0  + SF)W. 

d.  Angles  of  incidence,  aa  and  an,  between  the 
shock  front  and  each  blastward  wall  at  location 
of  frames. 

e.  Radial  distances  from  the  center  of  the  charge 
to  the  blastward  and  leeward  ends  of  each 
frame  selected  for  analysis. 

Some  of  these  data  are  available  from  the  prelimi- 
nary design. 

Step  9.  a.  Compute  the  scaled  distances  from  the  center 
of  the  charge  to  the  blastward  and  leeward 
ends  of  each  frame,  2 = R/Wl/3. 

b.  Enter  Figure  4-5,  4-11  or  4-12  of  Reference  3 
or  Figure  6 of  the  text,  with  each  of  the 
scaled  distances  determined  above  and  read 
from  the  appropriate  curves: 

Peak  positive  incident  pressure,  Pso 

Scaled  unit  positive  impulse,  is/W^3 

Shock  front  velocity,  U 

Step  10.  Using  the  blast  loading  parameters  determined  in 

Steps  8 and  9,  construct  the  reflected  pressure- 

time  histories  at  the  location  of  each  frame: 

a.  Read  the  reflected  pressure  coefficient,  cr<x’ 
from  Figure  4-6  of  Reference  3 for  PSg  deter- 
mined in  Step  9b  and  a determined  in  Step  8d. 

b.  Calculate  Pra  = CraPSo* 
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1.  Height  of  blastward  wall 

2.  Horizontal  distance  from  the  frame  to  the 
leeward  end  of  the  wall 

3.  Sum  of  the  horizontal  distance  from  the 
frame  to  the  blastward  end  of  the  wall, 
plus  the  length  of  the  adjacent  blastward 
wall . 

d.  Calculate  fictitious  positive  phase  duration, 
*of: 

t-of  = 2is/Pso- 

e.  Determine  peak  dynamic  pressure,  q0,  from 
Figure  4-66  of  Reference  3 for  Pso.  Calculate 
pso  + CD%"  0btain  cd  from  paragraPb  4-1 4b  of 
Reference  3. 

f.  Enter  Figure  4-5  or  4-12  of  Reference  3 or 
Figure  6 of  the  text,  and  read  ir/W'/-  for 
Pra  determined  in  10b. 

g.  Calculate  fictitious  reflected  pressure  dura- 
tion, tr: 

tr  - 2ir/Prot . 

h.  Construct  the  reflected  pressure  curves 
shown  in  either  (a)  or  (b).  Figure  26  of  the 
text.  The  curve  utilized  for  the  analysis 
is  the  one  which  yields  the  smallest  value 
of  the  impulse  (area  under  curve). 

i.  Tabulate  all  values  as  shown  in  Table  17. 

Step  11.  Using  the  blast  wave  parameters  determined  in 
Step  9b,  construct  the  combined  incident/drag 
pressure-time  histories  at  the  blastward  and 
leeward  walls  of  each  frame  as  instructed  in 
Step  11  of  Problem  A. 3.  Tabulate  all  values  as 
shown  in  Table  17. 
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Step  12. 
Step  13. 

Step  14. 

Step  15. 

Step  16. 
Step  17. 
Step  1R. 

Example  A. 4 


Determine  the  pressure-time  histories  and  shock 
front  velocities  at  all  mass  points  on  the  roof 
and  leeward  walls  of  each  frame  as  instructed  in 
Step  12  of  Problem  A. 3.  Tabulate  all  values  as 
shown  in  Tables  18  and  19. 

Determine  the  values  of  parameters  a and  D 
(Section  5.3)  for  the  tributary  areas  assigned 
to  the  mas?  points  of  each  model.  Refer  to 
Figures  31,  32,  33  and  35  of  the  text  for  guidance 
In  accomplishing  this  task.  Tabulate  all  values 
as  shown  in  Tables  18  and  19. 

Modify  the  pressure- time  histories  determined  In 
Steps  10  and  12,  and  prepare  the  digitized  input 
of  pressure  versus  time  for  DYNFA  as  instructed 
in  Step  14  of  Problem  A. 3.  Tabulate  the  param- 
eters ta,  tr£,  (Fp|()^yQ»  tp^,  Pg,  tc<»  tpj  and 

tj  for  all  loaded  mass  points  of  each  frame  as 
shown  in  Tables  18  and  19. 

Compute  and  distribute  the  dead  and  live  loads 
(where  appropriate)  acting  on  each  frame  as 
instructed  in  Section  8.10.  Tabulate  as  shown 
in  Tables  12,  13,  20  and  21. 

Compute  At,  NOT  and  NSKIP  (Section  8.8)  for  the 
OYNFA  analysis  of  each  frame  as  instructed  In 
Step  16  of  Problem  A. 3. 

For  each  model,  locate  the  origin  of  the  global 
coordinate  system,  establish  the  directions  of 
the  global  axes  and  specify  nodal  coordinates. 

Prepare  input  data  decks  for  each  model  as  in- 
structed in  Step  18  of  Problem  A. 3.  Enter 
fictitiously  high  values  for  the  bending 
capacities  of  elements  representing  members  or 
portions  of  members  designed  for  bi -axial  bend- 
ing (Section  7.3). 

: Construct  the  analytical  models  of  several 

representative  frames,  spanning  in  each  direc- 
tion, of  a single-story  rigid  frame  steel 
building  subjected  to  a quartering  shock  wave; 
prepare  all  related  input  data  for  DYNFA. 
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Required:  The  analytical  models  and  all  related  Input  data 
for  the  frames  on  column  lines  1,  2,  A and  B of 
the  building  shown  In  Figure  1. 

Step  1 . From  Example  A. 2,  given: 

a.  Geometry  of  frames  on  column  lines  1,  2,  A 
and  B,  Figure  1. 

b.  Sizes  of  primary  frame  members  given  <n 
Table  5. 

Sizes  of  secondary  members,  decking  and 
siding  shown  In  Figure  1. 

c.  Pin-ended  column  supports  all  frames. 

d.  Reusable  structure 

e.  Fy  = 248(1 0) 3 kPa  (36  ksi) 

f.  c 3 1.1 

g.  E * 207(1 0)6  kPa  (30  x 106)  psi 
Fdy  = 273(10) 3 kPa 

Step  2.  The  frames  on  column  lines  1,  2,  A and  B are  modeled 
for  analysis  with  DYNFA.  Each  model  Includes  the 
members  of  the  steel  frame  only.  The  foundation  Is 
not  Included  as  its  response  is  assumed  to  have  a 
negligible  impact  on  the  frame  response  (Mp^DN  1 
2mSTEE1_)*  This  presentation  is  directed  towards 
Illustrating  the  modeling  process  and  data  prepara- 
tion for  the  frames  on  column  lines  B and  2.  Con- 
struction of  the  models  and  preparation  of  the  Input 
data  for  the  other  two  frames  proceed  In  exactly  the 
same  manner  and,  therefore,  their  Illustration  here 
would  be  superfluous. 

Model  of  frame  on  column  line  B: 

A line  diagram  of  the  frame  Is  shown  in  Figure  7. 

The  following  locations  on  the  frame  are  designated 
as  nodal  points: 
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a.  All  column  base  connections:  nodes  1,  10,  15 
and  23 

b.  All  column/girder  connections:  nodes  5,  9,  14 
and  19 

c.  Three  Intermediate  points  within  the  span  of 
each  roof  girder:  nodes  6 through  0,  11  through 
1 3 and  16  through  18.  In  each  group  of  three 
Intermediate  nodal  points,  one  node  is  located 
at  the  midspan  of  the  member  and  each  of  the 
remaining  two  Is  located  a distance  L/4  from  its 
end,  where  L Is  the  length  of  the  member. 

d.  Three  intermediate  points  within  the  span  of 

each  exterior  column:  nodes  2 through  4 and 

20  through  22.  In  each  such  group  of  three 
intermediate  nodal  points,  one  node  is  located 
at  the  midspan  of  the  member  (for  the  purpose 
of  measuring  t.he  member's  response  at  midspan) 
and  the  other  two  are  located  at  the  connections 
of  the  girts  to  the  frame. 

Nodal  points  at  the  following  locations  are  desig- 
nated as  mass  points: 

a.  All  column/girder  connections 

b.  All  intermediate  locations  on  roof  girders 

c.  All  connections  of  girts  to  exterior  columns. 

Model  of  frame  on  column  line  2: 

A line  diagram  of  the  frame  is  shown  in  Figure  4. 

The  placement  of  nodal  points  and  designation 
of  mass  points  for  this  model  is  given  in  Step  2 
of  Example  A. 3. 

Step  3.  Assign  dynamic  degrees  of  freedom  to  the  mass  points 
of  each  model . 

Model  of  frame  on  column  line  B: 

The  dvnamic  degrees  of  freedom  for  the  model  of  the 
frame  on  column  line  B are  shown  in  Figure  7b. 

Model  of  frame  on  column  line  2: 
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The  dynamic  degrees  of  freedom  for  the  model  of  the 
frame  on  column  line  2 are  shown  In  Figure  4b. 

Step  4.  Compute  the  masses  of  the  wall  and  roof  panels,  and 
Interior  columns  within  the  tributary  strip  sup- 
ported by  each  frame. 

Model  of  frame  on  column  Hite  B: 

a.  External  wall  panel:  6.0  meters  wide  by  5.0 
meters  high;  secondary  framing  corresponds  to 
that  shown  In  Figure  18b  of  the  text,  number 
of  girts,  ng  = 2;  therefore,  the  mass  of  the 
panel,  My,  consists  of  the  mass  of  the  follow- 
ing (Fig  17  of  text,  case  2b): 

1.  Siding:  Type  2 - 20  x 20  (Figure  1) 

Weight  =4.2  psf  (20.5  kg/m2) 

Mass  = 20.5  x 6.0  x 5.0  = 615.0  kg 

2.  Exterior  column:  W14  x 78(116.1  kg/m) 

(Table  5) 

Length  = 5 meters 

Mass  = 116.1  x 5 = 580.5  kg 

3.  My  = 615.0  + 580.5  = 1,195.5  kg 

b.  Girts  on  exterior  wall:  W14  x 26  (38.7  kg/m) 

(Fig  1) 

Length  = 6.0  meters 
Mass,  nig  * 38.7  x 6.0 
= 232.2  kg 

c.  Roof  panel:  6.0  meters  wide  by  6.0  meters  long; 

secondary  framing  corresponds  to  that  shown  in 
Figure  20a  of  the  text;  therefore,  the  mass  of 
the  panel.  Mo,  consists  of  the  mass  of  the  fol- 
lowing (Fig  19  of  text,  case  1): 


233 


1. 


Decking:  Type  2 - 20  x 20  (Fig  1) 

Weight  - 4.2  psf  (20.5  kg/m2) 

Mass  = 20.5  x 6.0  x 6.0  = 738.0  kg 

2.  Girder:  W12  x 27  (40.2  kg/m)  (Table  5) 
Length  =6.0  meters 

Mass  = 40.2  x 6.0  = 240.9  kg 

3.  Two  purlins:  W12  x 19  (28.3  kg/m)  (Fig  1) 
Length  =6.0  meters 

Mass  = 2 x 28.3  x 6.0  = 339.6  kg 

4.  Mr  = 738.0  + 240.9  + 339.6  = 1,318.5  kg 

d.  Mass  within  panel  area  (W'j  + W£)xL  on  roof: 

= 2.0  meters  (Fig  1) 

L = 6.0  meters  (Fig  1 ) 

Mass  of  girder  = 240.9  kg  (from  above) 

One  half  mass  of  decking  within  (W-j  + W£)XL  = 

(1/2) (20. 5 x 4.0  x 6.0)  = 246.0  kg 
Mr  = 246.0  + 240.9  = 486.9  kg 

(Fig  19  of  text,  case  1) 

e.  Interior  column:  W14  x 111  (165.2  kg/m) 

(Table  5) 

Length  = 5.0  meters 

Mass  = 165.2  x 5.0  = 826.0  kg 

f.  Exterior  transverse  girders  - wall  B and  opposite 
wall : 
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1.  Frame  girder  - W12  x 22  (32.7  kg/m)  (Table  5) 
Length  =6.0  meters 

Mass  = 32.7  x 6.0  = 196.2  kg 

2.  Wall  support  - W8  x 10  (14.9  kg/m)  (Fig  3) 
Length  = 6.0  meters 

Mass  = 14.9  x 6.0  = 89.4  kg 

Total  = 196.2  + 89.4  = 285.6  kg 

g.  Interior  transverse  girder:  W12  x 36  (53.6  kg/m) 

Length  =6.0  meters 

Mass  = 53.6  x 6.0  = 321.6  kg 

Model  of  frame  on  column  line  2: 

The  mass  of  the  wall  and  roof  panels,  girts,  purlins, 
transverse  girders  and  the  interior  column  are  com- 
puted as  shown  in  Step  4 of  Example  A. 3.  It  should 
be  noted,  however,  that  the  mass  quantities  for  this 
problem  will  be  greater  than  those  in  Example  A. 3 
because  of  the  larger  columns  used. 

Step  5.  Compute  the  concentrated  masses  assigned  to  the 
dynamic  degrees  of  freedom  of  the  wall  and  roof 
panels  of  each  model. 

Frame  on  column  line  B: 


a.  Exterior  wall  panel:  Figure  17  of  text,  case  2b 


m 


9 

ng 

^DOFH 


= 1,195.5  kg 

(Step  4a) 

= 232.2  kg 

(Step  4b) 

= 2 

(Fig  1) 

= 2 

(Fig  7b) 

1 = MW^ND0FH  + ^ + mg 

= 1,195.5/(2  + 1)  + 232.2  = 

630.7  kg 
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(MehHi  = V^DOFH  + U]  = 1 • 1 95 . 5/  [2(2  + 1)] 

* 199.3  kg 
ng 

(Mev)w  = (%  + E mg)/2  = [1  ,195.5  + 2(232.2)]/2 
= 830.0  kg 

b.  Roof  panel:  Figure  19  of  text,  case  1 

Mr  = 1,318.5  kg  (Step  4c) 

= 486.9  kg  (Step  *d) 

Ndofv  = 3 (Fig  7b) 

(MEH ) R = V2  = 1.318.5/2  = 659.3  kg 
(Miv)r  = M*/(Ndofv  + 1)  = 486.9/(3  + 1) 

= 121.7  kg 

(MEV)R  = (Mr  - NdqfvMiv)/2  = [1,318.2  - 3(121.7)1/2 
= 476.6  kg 

All  concentrated  masses  for  the  model  are  tabulated 
In  Table  14. 

Frame  on  column  line  2: 

The  concentrated  masses  assigned  to  the  dynamic 
degrees  of  freedom  on  the  wall  and  roof  panels  are 
computed  as  shown  in  Step  5 of  Example  A. 3.  A tabu- 
lation of  all  masses  for  the  model  is  prepared  as 
shown  in  Table  7. 

Step  6.  Determine  the  cross-sectional  properties  and  capaci- 
ties of  the  members  of  each  frame. 

Frame  on  column  line  B: 

From  Step  1 : 
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Fdy  * 273  x 10*  kPa 
E * 207  x 106  kPa 

a.  Girder  Gl:  W12  x 27  (Table  5) 

From  Example  A. 2 

^x  * 170.0  kN-m  (Table  5) 

Cc  = 1 22  (Step  11) 

From  "Properties  for  designing"  tab’es, 
Reference  14: 


1. 

A 

= 7.95  in2  (51.2  cm2) 

2. 

!x 

= 204.0  In4  (8,491  cm4) 

3. 

rx 

= 5.07  in  (0.129  in) 

4. 

ry 

= 1.52  in  (0.039  m) 

PP 

= FdyA  = (273  x 10*) (51. 2 x 

10-4)  [Eq  (13)] 

= 1,398.0  kN 

Pu 

= 1. 

.7  FaA 

[Eq  (14)] 

[1  - (K7/r)2JFdy 

Fa 

5 

2CC 

+ 3(K l/r)  - (K i/r)3 

[Eq  (4.3),  Rer  1] 

3 

8 8C* 

The  member  *s  considered  to  be  braced  against 
buckling  around  the  weak  axis;  hence,  Fa  is 
computed  for  buckling  about  the  strong  axis  only. 

I = 6.0  meters  (Fig  1) 

rx  = 0.129  meter  (from  above) 

K = 0.75  (Section  4.4,  Ref  1) 

Cc  = 122  (from  Step  1) 
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1 

j 

i 


1 


* 

! 

i 


S’ 


Ik.  I Jit.  'IKiifclli  cm/-jnj.r  Witt  ft  .-.V  V^^-VWUU>. 


KZ/rx  = 0.75  x 6.0/0.129  = 34.9 

F = n.O  “ (34.9)2/(2  x 122^)1(273  x 103) 

3 5 + [3(34.9)/8(122)]  - [(34.9)3/8(122)3] 

« 147.8  x 103  kPa 

Pu  = 1.7(147.8  x 103)(51.2  x 10~4) 

= 1,286.5  kN 

b.  Column  Cl:  W14  x 111  (Table  5) 

From  Example  A. 2: 

P\nv  ' 421.9  kN-m  (Note  member  bends  about  y-axls. 
Fig  3) 

Cc  - 122 

From  "Properties  for  designing"  tables. 

Reference  14: 

1.  A = 32.7  In2  (211.0  cm2) 

2.  Iy  = 455.0  1r,4  (18,938.0  cm4) 

3.  rx  = 6.23  In  (0.158  m) 

4.  ry  « 3.73  In  (0,095  m) 

Pp  - Fd yA  = (273  x 103)(211.0  x 10"4)  [Eq  (13)] 

* 5,760  kN 

PU  * 1-7  FaA  [Eq  (14)] 

According  to  Section  4.3  of  Reference  1,  Fa  Is 
computed  for  the  maximum  of  KZ/rx  or  KZ/ry. 

Use:  K * 1.5  (from  Section  4.4,  Ref  1) 

l ~ 5.0  m (from  Fig  1) 

By  Inspection,  K£/ry  will  be  the  larger  of  the 
two  ratios: 

U/ry  = (1.5  x 5.0)/0.095  = 78.9 
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= ri.O  - (78.9)2/(2  x 122^)1(273  x IQ3) 
a " 5 + [3(78.9)/8(122)]  - [(78.9)3/8(122)3] 

= 115.1  x 103  kPa 

Pu  = 1.7(115.1  x 103)(211.0  x 10"4) 

= 4,128.6  kN 

The  values  of  Pp,  Pu  and  for  all  members  of 
the  frame  on  column  line  B are  listed  in  Table  15 
together  with  the  identification  numbers  and 
nodal  connectivities  for  the  elements  represent- 
ing them. 

Frame  on  column  line  2: 

The  element  properties  and  capacities  for  this 
frame  are  computed  and  tabulated  in  a similar 
manner.  The  tabulation  is  not  shown  for  brevity. 

Step  7.  Establish  the  dimensions  of  the  tributary  areas 

assigned  to  the  mass  points  on  the  exterior  members. 

Frame  on  column  line  B: 

Roof  Panel:  Use  Figure  23  of  the  text  to  determine 

dimensions  of  tributary  areas. 

From  Figure  1:  Wj  = fi.O  meters 

W1  = w2  = 3.0  meters 

Wj  = W£  = 2.0  meters 

L = 6.0  meters 
From  Figure  7b:  Nj^  = 3 

Dimensions  of  areas  for  intermediate  mass  points 
(nodes  6 through  8,  11  through  13  and  16  through  18) 
on  panel . 

From  Figure  23  of  text: 
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Width  of  tributary  area  * (W^  + Wp/2 

- (2.0  + 2.0)/2  = 2.0  m 

Length  of  tributary  area  = L/(N^  + 1) 

= 6. 0/(3  + 1}  = 1.5  m 


Area  = 2.0  x 1.5  = 3.0  m2 

The  dimensions  of  the  areas  for  mass  points  at  the 
ends  of  the  panel  are  determined  as  shown  in  Fig- 
ure 8. 

From  Figure  8:  Area  * (6.0  x 3.0)  - (2.0  x 2.25) 

= 13.5  m2 

The  dimensions  of  the  tributary  areas  for  all  mass 
points  on  the  blastward  wall  and  roof  are  shown  in 
Figure  9.  The  dimensions  of  the  tributary  areas  on 
the  leeward  walls  are  the  same  as  those  on  the 
blastward  wall.  All  dimensions  and  areas  are  tabu- 
lated in  Table  16. 

Frame  on  column  line  2: 

The  tributary  areas  for  the  mass  points  are  shown 
in  Figure  5 and  tabulated  in  Table  9. 

Step  8.  From  Example  A. 2: 

a.  Location  of  charge:  surface  burst;  from 

Figure  2: 

Ha  = 114.3  m 

Hjj  = 66.0  m 

b.  Charge  weight:  W = 1,140  kg  (2,500  lb) 

c.  Safety  factor:  20% 

d.  Angle  of  incidence  between  shock  front 
(Fig  2)  and: 
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1.  Wan  A: 


(aA)j>  = tan-1 [(66.0  + 6.0)/114.3] 

= 32.2° 

2.  Wall  B:  (ag)B  = tan_1[(n4.3  + 6.0)/66.0] 

= 61.2° 

Effective  charge  weight:  W^  = (1.0  + SF)W 

= 1.2(1,140) 

= 1,350  kg  (3,000  lb) 

e.  Referring  to  Figure  2,  radial  distances  from 
center  of  charge  to: 

1.  Blastward  end  of  column  line  B: 

R =-7(114.3  + 6.0)2  + (66.0)2 

= 137.2  m (450.1  ft) 

2.  Leeward  end  of  column  line  B: 

R =7(114.3  + 6.0)2  + [66.0  + 3(6. 0)]2 
= 146.7  m (481.0  ft) 

3.  Blastward  end  of  column  line  2: 

R = V(114.3)2  + (66.0  + 6.0)2 

= 135.1  m (443.2  ft) 

4.  Leeward  end  of  column  line  2: 

R =V[114.3  + 2(6. 0)]2  + (66.0  + 6.0)2 
= 145.4  m (477  ft) 

Step  9.  Compute  Z,  Pso,  is  and  U at  the  blastward  and  lee- 
ward ends  of  each  frame. 

Point  at  blastward  end  of  column  line  B: 
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a.  Compute  Z. 

R = 450.1  ft  (Step  Re) 

Z * R/Wj/3  » 450. 1/(3, C00)1/3  - 31.2  ft/lb1/3 

b.  Entering  Figure  4-12  of  Reference  3 with 
Z » 31.2  ft/lb'/3: 

Pso  = 1.56  psl  (10.75  kPa) 

1s/wl/3  „ 3 . 25  ps1-ms/lb1/3 

1S  - (3.25)(3,000)‘/3  3 46.9  psl-ms 

U * 1.16  ft/ms  * 353.6  m/sec 

Repeat  steps  a and  b above  for  point  at  leeward  end 
of  column  line  B and  tabulate  all  values  In  Table  l7 

Point  at  blastward  end  of  column  line  2: 

a.  Compute  Z. 

R * 443.2  ft  (Step  8e) 

Z 3 R/wJ-/3  = 443.2/(3,000)1/3  3 30.7  ft/lb1/3 

b.  Entering  Figure  4-12  of  Reference  3 with 
Z « 30.7  ft/lbT'3: 

Pso  = 1.60  psl  (11.0  kPa) 

is/W1//3  = 3.3  psi-ms/lb^3 

is  = O.SXS.OOO)1/3  = 47.6  psi-ms 

U » 1.16  ft/ms  3 353.6  m/sec 

Repeat  steps  a and  b above  for  t oint  at  leeward  end 
of  column  line  2 and  tabulate  all  values  In  Table  17 

Step  10.  Construct  the  reflected  pressure-time  histories  at 
the  location  of  each  frame. 

Frame  on  column  line  B: 
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a.  Enter  Figure  4-6  of  Reference  3 with  Pso  * 

1.56  psi  and  (03)5  = 61.2°. 

Note:  Lowest  value  of  Pso  for  which  data  are 

provided  Is  3.71  psi;  hence,  read  value 
of  Cra  for  (013)5  = 61  *2°  and  p$o  = 3,71 

psi. 

Cra  = 2.40 

b.  Pra  = CraPS0 

- 2.40  (1.56)  = 3.74  psi  (25.8  kPa) 

c.  Calculate  tc: 
tc  = 3S/U 

where  S is  the  minimum  of: 

1.  Height  of  building:  5.0  meters 

2.  Distance  to  leeward  end  of  wall  B:  6.0  meters 

3.  Distance  to  blastward  end  of  wall  B plus 
^ngth  of  blastward  wall  A: 

6.0  m + 18.0  m = 24.0  meters 

S = 5.0  meters 

tc  = 3(5.0)/353.6  = 0.0424  second 

d.  Calculate  tQ^: 

tof  = 2i$/PS0  = ?(46.9)/l .56 

= 60.1  ms  = 0.0601  second 

t 

e.  Determine  q0  from  Figure  4-66  of  Reference  3 
for  Pso  » 1 . 56  psi  (extrapolate  data  in  figure): 

q0  = 0.056  psi  (0.39  kPa) 

Cg  = 1.0  (from  paragraph  4-1 4b,  Ref  3) 

pso  + CD%  = 10-75  + °-39  = 11 -14  kPa 
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f.  Read  1C/W^3  in  Figure  4-12  of  Reference  3 for 
Pra  = 3.74  psi : 

ir/W^3  ■ 7.2  psi-ms/lb1/3 

ir  = 7.2(3,000)1/3  = 103.8  psl-ms 

g.  Calculate  tr: 

V = 21r/pra  = 2(103. 8)/3. 74 

= 55.5  ms  = 0.0555  sec 

h.  The  reflected  pressure-time  histories  shown  In 
Figure  10a  are  constructed  using  this  data. 

The  dotted  pressure-time  history,  constructed 
using  Pra  ar.d  tr,  has  a higher  impulse  than  the 
other  curve,  which  is  the  one  used  for  the 
analysis. 

1.  Tabulate  all  values  in  Table  17. 

Frame  on  column  line  2: 

Repeat  Steps  10a  through  lOh  to  obtain  the  re- 
flected pressure-time  histories  shown  in  Figure 
11a.  Tabulate  all  values  in  Table  17. 

Step  1 1 . By  following  the  Instructions  in  Step  11  of  Problem 
A. 3,  the  combined  incident/drag  pressure  histories 
shown  in  (b)  and  (c).  Figure  10,  are  computed  for 
the  frame  on  column  line  B and  those  shown  in  (b) 
and  (c).  Figure  11,  are  computed  for  the  frame  on 
column  line  2.  All  values  are  tabulated  In  Table  17. 

Step  12.  a.  Determine  the  pressure-time  histories  and  shock 
front  velocities  at  all  mass  points  on  the  roof 
using  the  roof  loading  parameters  listed  in 
Table  17. 

Frame  on  column  line  B: 

Blastward  end: 

(Ppk)B  = pso  + Cq^o  = 10.6  kPa 
(tdr)B  = tQf  = 0.0601  second 
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Leeward  end: 

<Ppk>L  - PS0  + CD%  ’ 9'66  kPa 

(tdr)L  * - 0.0629  second 

Lr  = 18.0  meters 

For  node  point  11  on  the  roof  (Fig  7a): 

7llr  = 7.5  meters 

Using  Equation  (15): 

(p  k>i i a 10.60  - (10.60  - 9.66)(7.5) 

P 18.0 


= 10.21  kPa 
Using  Equation  (16): 

(Wll  = 0-0601  - (0-0601  - 0,0629)(7.5) 

18.0 

= 0.0613  second 

The  shock  front  velocity,  U,  is  constant 
across  the  roof;  therefore: 

Uii  = 353.6  m/sec 

All  values  are  tabulated  in  Table  18. 

b.  Determine  the  pressure-time  history  at  all 
mass  points  on  the  leeward  wall: 

Based  on  the  measurements  shown  in  Figure 
12,  the  spillover  from  the  roof  engulfs 
the  leeward  wall  area  in  about  the  same 
time  as  the  spillover  from  wall  A.  Hence, 
the  leeward  wall  will  be  taken  as  an  ex- 
tension of  the  roof. 

For  node  point  22  on  the  leeward  column 
(Fig  7a): 


Z22 1 ~ 3.75  meters 
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(P  J22  “ 9-66  ~ (10-6  - 9.66)(3..7s)  [Eq  (17)1 
P 18.0 


= 9.46  kPa 

(tdr)22  a 0-0629  - (0.0601  - 0.0629)(3.75) 

18.0 

[Eq  (18)1 

= 0.0635  sec 

The  shock  front  velocity  is  constant  across 

the  area;  therefore: 

U22  55  353.6  m/sec 

All  values  are  tabulated  in  Table  18. 

Frame  on  column  line  2: 

a.  The  pressure-time  histories  and  shock 
front  velocities  at  all  mass  points  on  the 
roof  are  determined  as  illustrated  in 
Step  12a  of  Example  A. 3.  All  values  are 
tabulated  in  Table  19. 

b.  Based  on  the  measurements  shown  in  Figure 
12,  the  spillover  from  roof  produces  the 
more  rapid  loading  on  the  leeward  column; 
hence,  the  pressure-history  and  shock 
front  velocity  for  all  mass  points  on  the 
leeward  wall  are  computed  as  illustrated 
in  Step  12  of  Example  A. 3.  All  values  are 
tabulated  in  Table  19. 

Step  13.  Determine  the  values  of  a and  D f O'  the  tributary 
areas  assigned  to  mass  points  of  each  model. 

Frame  on  column  line  B: 

Blastward  wall,  values  of  a and  D for  all  mass 
points  from  Figure  31  of  text: 


D * 0.0 


a = Wjsina 

From  Figure  9:  W-j-  = 6.0  meters 
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From  Figure  2:  (aB)j  " 60° 

a * 6.0  sin  60°  = 5.2  meters 

Roof:  node  9 

From  Figure  32b  of  text: 

D = d cosa  + (1/2) (Wj  - w)s1na 
a * w slna  + l cosa 
From  Figure  9: 
d = 3.0  meters 
w = 6.0  meters 
Wj  = 6.0  meters 
l = 6.0  meters 

Dg  = 3.0  COS  60°  + (l/2)(6.0  - 6.0)s1n  60° 
=1.5  meters 

ag  = 6.0  sin  60°  +6.0  cos  60° 

=8.2  meters 
Roof:  node  13 

From  Figure  9: 
d = 9.75  meters 
w = 2.0  meters 
l = 1.5  meters 

D13  = 9.75  cos  60°  + n/2)(6.0  - 2.0)sin  60 
=6.61  meters 

a13  * 2.0  sin  60°  + 1.5  cos  60° 


=2.48  meters 


Leeward  wall:  node  22 

From  Figure  33b  of  text: 

0 = (L  + hi)  cosa  + (1/2) (WT  - w)  slna 
a = h2  rosa  + w slna 
From  Figure  9: 

L = 18.0  meters 
hi  =2.5  meters 
hg  ” 1-67  meters 
w = 6.0  meters 

D22  = (1.0  + 2.50)  cos  60°  + (1/2) (6.0  - 6.0)  sin  60° 
= 10.25  neterr 

a22  = 1-67  cos  60°  + 6.0  sin  60° 

= 5.03  meters 

The  measurement  of  these  values  of  a and  D is  shown 
In  Figure  13.  All  values  of  a and  D are  tabulated 
In  Table  18. 

Frame  on  column  line  2: 

Blastward  wall,  values  of  a and  D for  all  mass 
points;  from  Figure  31  of  text: 

D = 0.0 

a = Wy  sina 

From  Figure  5:  Wj  = 6.0  metei  s 

From  Figure  2:  (a^)j  * 30° 

a = 6.0  sin  30°  = 3.0  meters 

Roof:  node  9 

From  Figure  32b  of  text: 
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D = d cosa  + (1/2)  (Wj  - w)  sina 
a = w sina  + Zcosa 
From  Figure  5: 
d = 5.0  meters 
w = 6.0  meters 
Wj  = 6.0  meters 
l - 2.0  meters 

Dg  = 5.0  cos  30°  + (1/2) (6.0  - 6.0)  sin  30° 

= 4.33  meters 

ag  = 6.0  sin  30°  + 2.0  cos  30° 

=4.73  meters 
Leeward  wall:  node  17 
From  Figure  33b  of  text: 

D = (L  + h-j)  cosa  + (l/2)(W-p  - w)  sina 
a = f^cosa  + w sina 
From  Figure  5: 

L = 12.0  meters 
h]  = 2.50  meters 
h2  = 1.67  meters 
w = 6.0  meters 

D17  = (12.0  + 2.5)cos  30°  + (l/2)(6.0  - 6.0)  sin  30° 
= 12.56  meters 

a-j7  = 1.67  cos  30°  + 6.0  sin  30°  = 4.45  meters 

All  values  of  a and  D for  the  model  of  the  frame 
on  column  line  2 are  tabulated  in  Taole  19. 

249 


1 "^1  ■ . h»M  W if  - U ‘itl  A.  U V#  I.  J-'.'l.  i-iik  1 . VAl  I U't  ‘l-ilti,  l Utl  illfeiUltfifaffcAL 


Step  14.  a.  Compute  the  blast  loading  parameters  for  modi- 
fying the  pressure-time  histories  at  each  mass 
point: 

Frame  on  column  line  B: 

Blastward  wall,  all  mass  points: 

From  Step  10a:  ? 

ppk  = ‘Ya  * 25.8  kPa 
■tdr  = t0f  = 0.0601  sec 
tc  - 0.0424  second 
U = 353.6  m/sec  (Step  9) 

Ps  = 3.28  kPa  (Fig  10a) 

From  Step  13: 

D = 0.0 

a = 5.2  meters 

1.  ta  = D/UAVG  = 0.0/353.6  = 0.0  [Eq  (19)] 

2.  trt  = a/U  = 5.2/353.6  = 0.015  sec  [Eq  (20)] 

3.  tR  = tc/(l  - Ps/Pr)  [Eq  (22)] 

= 0.0424/(1  - 3.28/25.8) 

= 0.0486  second 

^pk^AVG  = Ppk^  " (a/2Utdr)]  [Eq  (21)] 

Here  t^r  = tR  = 0.0486  second 

= 25.80  -[5. 2/2(353. 6)(0.0486)]} 

= 21.90  kPa 

5.  tpk  = ta  + trt  = 0.0  + 0.015  sec  [Eq  (23)] 

= 0.015  second 
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6. 


[Eq  (24)] 


= 0.0  + 0.015/2  + 0.0424 
= 0.0499  sec. 

7’  *DI  s W2  + *d r [Eq 

Here  t<jr  = t0f  = 0.0601  sec 
tDI  = 0.015/2  + 0.0601  = 0.0676  sec 
8.  * ta  + tDI  [Eq  (26)] 

= 0.0  + 0.0676  sec  = 0.0676  sec 

The  values  of  these  parameters  for  the  other 
mass  points  are  computed  in  a similar  manner 
and  tabulated  in  Table  18. 

b.  Generate  the  digitized  data  defining  the  pressure- 
time history  input  for  DYNFA  as  described  in 
Section  8.9  and  illustrated  in  Figures  CO  and  61 
of  the  text. 

For  mass  points  on  blastward  column  of  frame  on 
column  line  B: 


Pressure 

Time 

Point 

Parameter 

Value 

(kPa) 

Parameter 

Value 

(sec) 

1* 

- 

0.00 

*a 

0.0 

2 

(ppk^AVG 

21 .90 

tpk 

0.0150 

3 

ps 

3.28 

V 

0.0499 

4 

- 

0.00 

tT 

0.0676 

5 

" 

0.00 

1.0 

♦Note:  Point  1 corresponds  to  ta  since  ta  = 0.0 

second  in  this  example. 
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Frame  on  column  line  2: 


Repeat  Steps  14a  and  14b  for  the  fr^mn  on  column 
line  2.  The  blast  loading  parameters  [ta»  tc', 
^pk^AVG’  etc.!  are  tabulated  in  Table  19. 

Step  IS.  Compute  and  distribute  the  dead  loads  acting  on 
each  frame  according  to  the  method  prescribed  in 
Section  3.10. 


Frame  on  column  line  B: 
a.  Distribution  of  weight  of  roof  panel: 

1.  Uniform  load  acting  on  girder: 

From  Step  ^c: 

Weight  of  girder  = 240.9  kg 

Weight  of  decking  supported 
by  girder  = 246.0  kq 

Total  486.9  kg 

Length  of  girder  - 6.0  meters 

w = 486.9/6.0  = 81.2  kg/m 

Apply  to  elements  5 through  8,  10  through 
13  and  15  through  18. 

2.  Concentrated  loads  applied  to  Intermediate 

node  points:  none. 

3.  Remainder  of  weight  applied  as  concentrated 
loads  at  girder/column  intersections: 

Weight  of  roof  panel  = 1,318.5  kg 
Weight  supported  by 
girder  = 486.9  kg 

Remainder  83176  kg 

Apply:  ( 1/2) ( 831 .6)  = 415.8  kg  at  each 

girder/column  intersection 
(nodes  5,  9,  14  and  19). 
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b.  Distribution  of  weight  of  wall  panel: 

1.  Uniform  load  acting  on  column: 

Weight  of  column  from  Step  4a  = 116.1  kg/m 

Apply  to  elements  1 through  4 and  19 
through  22. 

2.  Concentrated  loads  applied  to  intermediate 

node  points:  none. 

3.  On-^  half  of  weight  of  siding  and  girts 
applied  as  concentratad  load  at  exterior 
column/girder  connection: 

From  Step  4a: 

Weight  of  siding  = 615.0  kg 

From  Step  4b: 

Weight  of  girt  = 232.2  kg 

Total  - 615.0  + 2(232.2)  = 1,079.4  kg 

Apply:  (1/2)0,079.4)  = 539.7  kg  at  each 

exterior  column/girder  intersection 
(nodes  5 and  19). 

c.  Weight  of  transverse  girders  applied  directly 
to  girder/ column  connections. 

d.  Weight  of  interior  column  applied  as  uniform 
load  to  elements  9 and  14. 

The  element  uniform  loads  are  tabulated  in  Table  20; 
the  concentrated  nodal  point  loads  are  tabulated  In 
Table  21. 

Frame  on  column  line  2: 

The  distribution  of  the  dead  loads  is  illustrated 
in  Step  15  of  Example  A. 3.  The  element  and  nodal 
point  loads  are  tabulated  as  shown  in  Tables  12  and 
13.  Note  the  corresponding  loads  for  this  problem 
will  be  somewhat  greater  than  those  computed  for 
Example  A. 3 since  heavier  columns  are  required  for 
the  bi-axial  bending  design. 
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Step  16.  Compute  At,  NOT  and  NSKIP  for  each  frame. 


By  following  the  instructions  in  Problem  A. 3 and 
the  computations  in  Step  16  of  Example  A. 3,  the 
following  quantities  are  computed  for  the  frame  on 
column  line  B: 

Periods  of  extenslonal  modes 

of  frame  members: 

Ta  = 2TrAMe/AE 

[Eq  (34)1 

Member 

Period  (sec) 

Exterior  column 

0.0101 

Interior  column 

0.0087 

Roof  girder 

0.0160 

Period  of  highest  bending  modes  of  each  exterior 
member: 

Tb  = (l/C)VH,L3/n  [Eq  (35)] 


Member 

Highest  mode 

Period  (sec) 

Exterior 

column 

2 

0.0058 

G1 rder 

3 

0.0035 

Minimum  period  = 0.0035  sec  for  third  mode  of  girder 
At  = 0.0035/20  = 0.00017  sec 
Use  At  = 0.00020  sec. 

Duration  of  response: 

The  period  of  the  sldesway  mode  of  the  frame  is  com- 
puted using  Equation  (36)  together  with  the  data  in 
Table  8 of  the  text.  The  computed  values  of  Ts  is 
0.350  second  and  the  response  will  be  computed  for 
one-half  this  period: 
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Tf  = (1/2)TS  = 0.175  sec 
NOT  = 1 + Tf/At 

= 1 + 0.175/0.0002  = 876  [Eq  (39)] 

Use  875  Increments  in  the  analysis. 

Step  17.  Establish  the  global  coordinate  system  for  each 
model . 

Model  of  frame  on  column  line  B. 

The  origin  of  the  global  coordinate  system  is 
located  at  nodal  point  1,  as  shown  in  Figure  7. 

The  nodal  coordinates  are  specified  on  the  sketch 
of  the  model  (Fig  7a). 

Model  of  frame  on  column  line  2: 

The  global  coordinate  system  is  established  in  a 
similar  manner  for  this  model,,  as  shown  in  (a)  and 
(b)  Figure  4. 

Step  18.  The  input  data  decks  for  the  frames  on  column 
lines  1,  2,  A and  B are  prepared  utilizing  the 
input  data  formats  specified  in  Section  8.  For 
the  first  analysis  of  each  frame,  fictitiously  high 
values  are  entered  for  ohe  bending  capacities  of 
all  members  desiqned  for  bi -axial  bending  Section 
7.3). 

A. 4 Utilization  of  the  DYNFA  Output  in  the  Design  of  Frame 
Structures 


Problem  A. 5:  Using  DYNFA,  compute  the  blast-induced  response 

of  an  unbraced,  interior,  rigid  frame  of  a 
single-story  steel  building  subjected  to  a 
normal  shock  wave.  Determine  the  adequacy  of 
all  frame  members  by  comparing  the  frame  response 
computed  by  DYNFA  with  the  frame  design  criteria 
of  Section  6. 


Procedure: 

Step  1 . With  member  sizes  for  the  frame  established  on 

the  basis  of  th  preliminary  design  (Problem  A.l), 
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and  Input  data  deck  for  the  model  of  the  frame  pre- 
pared as  described  in  Problem  A. 3,  run  the  analysis 
of  the  structure  using  the  DYNFA  program  on  the 
CDC  6600  computer.  For  analyzing  frames  modeled 
with  15  to  20  elements,  specify  a running  time  of 
at  least  10  minutes  on  the  Job  Control  Card.  For 
models  with  more  than  20  elements,  add  1-1/2  min- 
utes of  running  time  for  each  additional  element. 

Step  2.  Inspect  the  appropriate  portions  of  the  printed 

output  of  DYNFA  to  determine  whether  tne  following 
have  occurred: 

a.  A successful  numerical  integration.  An  unsuc- 
cessful integration  is  generally  characterized 
by  extreme  fluctuations  in  the  axial  load-time 
histories  of  some  elements  accompanied  by  ex- 
cessively large  axial  loads  and  moments.  As  a 
result,  excessive  deflections  at  some  or  all  of 
the  nodes  occur  and  the  execution  of  the  program 
may  be  aborted.  Such  results  are  usually  caused 
by  an  integration -time  interval  which  is  too 
large.  Therefore,  first  check  the  calculation 
of  the  integration-time  interval  (Section  R.8); 
recompute  the  quantity,  if  necessary,  and  rerun 
the  job.  If  the  integration- time  interval  is 
correct,  then  check  the  input  data  for  errors. 

The  absence  of  grossly  distorted  results  indi- 
cates that  a successful  integration  has  been 
achieved. 

b.  A reasonable  approximation  of  the  structure's 
response.  There  are  no  exact  methods  for  mea- 
suring the  accuracy  of  the  structure's  response 
as  computed  by  DYNFA.  In  general , the  deflected 
shape  of  a single-story  rigid  frame  subjected  t.o 
high  intensity,  short  duration  blast  loadings 
should  resemble  that  produced  by  static  loads 
similar  to  the  blast  loads.  Review  the  time 
histories  of  the  nodal  displacements  to  deter- 
mine the  deflected  shape  the  structure. 

The  occurrence  of  unexpected  or  distorted  struc- 
tural behavior  may  indicate  that  errors  exist  in 
the  input  data  deck.  When  such  behavior  occurs, 
check  the  input  data.  Generally,  such  input 
errors  will  affect  the  entire  response  history 
but  will  not  cause  a premature  termination  of 
the  analysis. 
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c.  The  peak  sidesway  response  of  the  frame.  In- 
spect the  tabulation  of  the  maximum  and  minimum 
nodal  displacements  that  is  printed  at  the  end 
of  the  output.  If  each  roof  node  achieves  Its 
first  peak  horizontal  displacement  at  the  last 
integration-time  station,  Tj,  then  the  frame 
has  not  achieved  its  peak  sidesway  response. 

If  this  occurs,  specify  a 50  percent  increase  in 
the  number  of  integration-time  stations,  NDT, 
and  rerun  the  job.  Before  rerunning  the  job, 
however,  the  member  sizes  should  be  verified, 
as  described  herein,  to  whatever  extent  possible 
using  the  results  available  from  the  unsuccess- 
ful run. 

On  the  other  hand,  if  the  peak  horizontal  dis- 
placements on  the  roof  occur  prior  to  the  last 
integration-time  station,  the  frame  has  achieved 
its  peak  sidesway  response. 

Step  3.  Extract  the  following  data  from  the  printed  tabu- 
lation of  the  maxima  and  minima  of  the  nodal 
displacements: 

a.  The  maximum  horizontal  displacements  of  all 
nodal  points  on  the  roof  girders.  Inspect 
these  values.  If  they  are  roughly  equal,  the 
largest  of  these  values  is  designated  as  the 
peak  sidesway  deflection  of  the  frame,  6. 

Compare  5 with  the  sidesway  criteria  of  Section 
6.1.  When  significant  differences  occur  between 
the  horizontal  displacements  of  the  roof  nodes 
(25  percent  of  the  maximum),  the  results  of  the 
analysis  are  not  considered  acceptable  and  the 
job  must  be  rerun  with  the  appropriate  revision 
in  the  Input  data  to  eliminate  these  distor- 
tions. Such  distortions  in  the  analysis  are 
produced  by  spurious  extensional  vibrations  of 
the  girder  In  the  inelastic  response  range  in 
which  the  axial  stiffness  of  the  member  is 
only  5 percent  of  its  elastic  axial  stiffness. 
Although  these  vibrations  always  occur  (see  Fig 
10  of  text),  they  rarely  distort  the  response 
of  the  frame.  However,  In  cases  involving 
girders  with  unusually  long  spans,  these  vibra- 
tions may  produce  large  axial  deformations  of 
the  member  which  could  distort  the  overall 
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sidesway  response  of  the  of  the  frame.  To 
eliminate  these  distortions,  increase  the 
inelastic  stiffness  of  each  element  (see  Sec- 
tion 3.3)  to  approximately  7.5  to  10  percent 
of  its  elastic  stiffness.  This  is  accomplished 
by  entering  a value  of  between  0.0/5  and  0.10 
for  the  parameter  YFACT  on  the  Problem  Specifi- 
cation Card  (Ca>'d  Type  2 of  the  input  data  deck, 
see  Section  8.13).  / 

b.  The  maximum  vertical  displacement  of  the  nodal 
point  at  the  midspan  of  each  roof  girder. 

Using  these  values,  compute  the  maximum  chordal 
angle,  e,  for  each  girder  as  illustrated  in 
Figure  64  of  the  text.  Tabulate  these  values 
for  all  girders,  together  with  the  appropriate 
chordal  angle  criteria  (Section  6.1),  as  shown 
in  Table  22. 

Step  4.  Using  the  printed  output  of  the  nodal  displacement- 
time histories  (Section  9.5),  determine  the  maximum 
differential  displacement  at  the  midspan  of  each 
exterior  column  (Fig  65  of  text).  Using  these 
values,  compute  the  maximum  chordal  angle,  6,  for 
each  exterior  column  as  illustrated  in  Figure  65  of 
the  text.  Tabulate  these  values  for  both  exterior 
columns  as  shown  in  Tacle  22. 

Step  5.  Prepare  c tabulation  of  the  maximum  ductility  ratios 
occurring  at  all  nodal  points  on  each  frame  member. 
Include  the  following  data  in  this  tabulation: 

a.  The  response  time  at  which  each  maximum  occurs. 

b.  The  applied  axial  load  to  tensile  capacity  ratio, 
P/Pn,  which  occurs  when  each  maximum  is  achieved. 
Include  also  the  nature  of  the  applied  axial 
load  (either  tension  or  compression). 

The  above  data  are  contained  in  the  printed  tabula- 
tion of  the  element  end  rotations.  Tabulate  these 
values  for  all  frame  members  as  shown  in  Table  23. 

Step  6.  Select  the  appropriate  ductility  ratio  criteria  for 
each  frame  member.  As  discussed  in  Section  6,  the 
selection  of  the  criteria  is  based  on  the  nature 
of  the  axial  load  on  the  member  when  each  maximum 
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ductili+v  ratio  is  achieved.  If  several  maximum 
ductility  ratios  are  computed  at  various  locations 
on  a member,  the  member's  response  in  the  inelastic 
response  range  is  limited  by  the  appropriate  duc- 
tility ratio  criteria  for  each  maximum  ductility 
ratio  computed. 

The  ductility  ratio  criteria  for  members  subjected 
to  tensile  loads  is  given  in  Section  6.3.  The  duc- 
tility ratio  criteria  for  members  subjected  to  com- 
pressive loads  is  determined  from  the  rotation 
capacity  data  given  in  Figures  41,  42  and  44  through 
53  of  the  »xt.  Consult  Section  6.4  ("Use  of  the 
Rotation  Capacity  Curves")  for  guidance  on  using 
these  figures. 

Step  7.  Extract  from  the  printed  output  of  the  element  load- 
time histories  (axial  load,  shear  and  bending  moment) 
the  maximum  shear,  Vmax,  acting  on  each  frame  member 
and  compare  this  value  with  the  shear  yield  capacity 
of  the  member  given  by  Equation  (3.11)  of  Reference  1. 

Step  8.  a.  If  each  of  the  response  quantities  determined  in 
Steps  3,  4 and  5 is  within  the  limits  specified 
in  Section  6,  the  member  sizes  are  considered 
acceptable.  If  one  or  more  of  the  limiting 
values  are  exceeded  by  more  than  a few  percent, 
revise  the  member  sizes  as  required  and  rerun 
the  analysis  with  DYNFA. 

b.  If  the  maximum  shear  on  a member  exceeds  its 
shear  yield  capacity,  increase  the  size  of  the 
member  as  required  to  provide  the  needed  shear 
yield  capacity. 

Step  9.  From  the  printed  output  of  the  element  load-time 
histories,  determine  the  design  loads  for  the  con- 
nections (Section  9.5).  Design  the  connections 
according  to  the  provisions  given  in  Chapter  6 of 
Reference  1 . 

Example  A. 5 Using  DYNFA,  compute  the  blast-induced  response  of 
an  unbraced,  interior,  rigid  frame  of  a single- 
story steel  building  subjected  to  a normal  shock 
wave.  Determine  the  adequacy  of  the  frame  members 
by  comparing  the  frame  response  computed  by  DYNFA 
with  the  design  criteria  given  in  Section  6. 


259 


Required:  Verification  of  the  blast  resistance  of  the  unbraced, 
interior,  rigid  frame  designed  in  Example  A.l. 

Step  1 . Given: 

a.  Member  sizes  for  the  frame,  determined  in 
Example  A.l . 

b.  Input  data  deck  for  the  model  of  the  frame, 
prepared  in  Example  A. 3. 

The  frame  is  analyzed  with  DYNFA  on  the  CDC  6600 
computer.  Extracts  from  the  printed  output  are 
presented  in  Appendix  B. 

Step  2.  Inspection  of  the  printed  output  of  the  response 

history  indicates  that  a successful  integration  has 
been  achieved.  There  are  no  gross  distortions  in 
the  results.  In  addi  ion,  the  results  depict  the 
expected  behavior  of  the  structure. 

Inspection  of  the  printed  tabulation  of  the  maximum 
and  minimum  nodal  displacements  (Ref  Appendix  B) 
reveals  that  all  of  the  nodal  points  on  the  roof 
girder  (nodes  5 through  9 and  11  through  14)  achieve 
their  maximum  positive  horizontal  displacements 
during  the  time  interval  beginning  at  .03015  second 
and  ending  at  .08890  second.  Referring  to  Step  16 
of  Example  A. 3,  At  = 0.00035  second  and  NOT  = 500 
integration  time  stations.  The  last  integration 
time  station,  Tf,  is: 

Tf  = NDT  x AT  = 500(0.00035)  = 0.175  second 

Therefore,  the  frame  has  attained  its  peak  sidesway 
response. 

Step  3.  Determine  the  maximum  sidesway  deflection  of  the 
frame  and  the  maximum  chordal  angles  for  the  roof 
girders  using  the  printed  tabulation  of  the  maximum 
and  minimum  nodal  displacements. 

The  following  data  are  extracted  from  the  printed 
output  of  the  maximum  and  minimum  nodal  displace- 
ments : 

a.  The  maximum  horizontal  [X(+)]  displacement  of 
all  nodal  points  on  the  roof  girders: 
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Node  Displacement  (mm) 


5 

80.8 

6 

80.3 

7 

80.3 

8 

80.3 

9 

78.7 

IT 

80.3 

12 

80.3 

13 

80.4 

14 

73.5 

The  difference  between  the  maximum  at  rode  13 
and  the  minimum  at  node  14  is  9 percent  of  the 
displacement  at  node  13. 

Therefore:  5 * 80.4  mm 

H = 5.0  m (Fig  1) 

S/H  = (80.4  x 10-3)/5  = 1/62 

From  Section  6.1  for  a reusable  structure: 

maximum  <5/H  £ 1/50  > 1/62 

b.  The  maximum  vertical  [Y(-)]  displacement  at  the 
midspan  of  each  roof  girder: 


Node  Displacement  (mm) 

7 -12.7 


12 


-18.5 


The  maximum  chordal  angle  for  the  girder  at  the 
leeward  end  of  the  roof  is  computed  as  follows 
(see  Fig  64  of  text) : 

L - 6.0  m (from  Fig  1) 

y-|2  = -18.5  mm  (from  above) 

e = tarrHOS.B  x 10"3)/(6.0/2)] 

= 0.353° 

From  Section  5.1,  0max  = 1.0°  > 0.353° 

The  maximum  chordal  angle  for  the  girder  at 
the  blastward  end  of  the  roof  is  computed  in  a 
similar  manner  and  tabulated  in  Table  22. 

Step  4.  Using  the  output  of  the  nodal  displacement-time 
hitones,  determine  the  maximum  chordal  angles 
for  the  exterior  columns 

From  the  printed  output  of  the  nodal  displacement- 
time  histories,  the  maximum  differential  displace- 
ment at  the  midspan  of  the  blastward  column  occurs 
at  a response  time  of  0.0175  second.  The  following 
horizontal  displacements  of  nodes  3 and  5 are  read 
f/crri  the  output  at  this  time  station: 

X3  " 29.34  mm 

X5  = 9.94  mm 

Referring  to  Figure  65  of  the  text,  the  maximum 
differential  displacement  at  the  midspan  of  the 
column  is: 

X3  - X5/2  = 29.34  - 9.94  = 24.37  mm 
H/2  * 5.0/2  = 2.5  m 
and  the  maximum  chordal  angle  is: 

= tar” ^ [(24.37  x llT3)/2.5] 

= 0.50  1.0P  ( emax  ^rof11  Action  6.1) 
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The  maximum  chordal  angle  for  the  leeward  column 
is  computed  in  a similar  manner  and  tabulated  in 
Table  22. 

Step  5.  Tabulate  the  maximum  ductility  ratios  and  related 
data  at  all  nodal  points  on  each  frame  member. 

The  maximum  ductility  ratios  (and  related  data) 
for  the  frame  members  are  tabulated  in  Table  23. 

The  data  tabulated  are  extracted  from  the  p inted 
output  of  the  maxima  and  minima  of  the  element  end 
rotations  (Appendix  B).  A ductility  ratio  of  1.0 
Indicates  that  the  member  remained  elastic  at  the 
location  of  the  nodal  point. 

Step  6.  Select  the  appropriate  ductility  ratio  criteria 
for  each  frame  member. 

Here,  most  members  yield  when  subjected  to  compres- 
sive axial  loads.  Therefore,  the  rotation  capacity 
data  given  in  Figures  41,  42  and  44  through  53  of 
the  text  are  used  to  determine  most  of  the  ductility 
ratio  criteria. 

Referring  to  Section  6.4,  the  first  step  in  using 
these  data  consists  of  sketching  the  bending  moment 
iagrams  for  the  frame  members  at  the  instant  that 
the  maximum  ductility  ratios  occur.  The  moments  at 
the  nodal  points  on  the  frame  members  are  extracted 
from  the  printed  output  of  the  element  load-time 
histories.  Plots  of  the  moment  diagrams  are  pre- 
sented in  Figure  14  for  the  blastward  column  at  a 
response  time  of  0.020  second;  in  Figure  15  for  the 
girder  at  the  blastward  end  of  the  roof  at  a response 
time  of  0.014;  arid  in  Figure  16  for  the  girder  at 
the  leeward  end  of  the  roof  at  response  times  of 
0.055  and  0.070  second. 

Since  the  blastward  column  is  pin-enaed  and  the 
moment  diagram  plotted  in  Figure  14  is  similar  to 
that  shown  for  case  2 in  Figure  43  of  the  text,  the 
ductility  ratio  criteria  for  the  member  is  deter- 
mined from  the  rotation  capacity  curves  in  Figures 
49  through  53  of  the  text.  Three  parameters  are 
required  to  enter  these  curves.  They  are: 
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a.  The  applied  axial  load  to  tensile  capacity 
ratio  which  occurs  when  the  maximum  ductility 
is  achieved: 

P/Pp  = 0.064  (from  Table  23) 

b.  The  slenderness  ratio: 

1/ rx  = 33  (from  Tab^e  2) 

c.  The  distribution  factor  for  the  column  at  the 
column/girder  connection  which  is  computed  as 
follows: 

cfAB  = KaB/eK  [Eq  (31)  of  text] 

For  the  column:  Kc  = (3/4) I/L 

I = 22,550  cm4  (from  Table  R) 

L.  = 5.0  ;n  (from  Fig  1) 

The  factor  3/4  is  applied  because  the  member 
is  pin-ended. 

Kc  = ( 3/4) [(22,550  x KT8)/5)  = 3.3R  x 10"5 
For  the  girder:  Kg  = I/L 

I = 12,834  cm4  (from  Table  8) 
L = 6.0  m (from  Fig  1 ) 

Kg  = (12,834  x 10'8)/6 
= 2.14  x 10"5 

Substituting  into  Equation  (31)  of  the  text: 

KAb  = ^ = 3.38  x 10-5 
EK  = Kc  + Kg  = (3.38  + 2.14)10-5 
= 5.52  x 10"5 
DFAb  = 3.38/5.52  =0.61 


264 


Interpolation  is  required  for  7/rx  and  DFmj. 

For  the  values  of  P/Ph,  £/rx  and  in  this 
example,  an  adequate  interpolation  can  be  accom- 
plished using  a portion  of  the  applicable  rota- 
tion capacity  data;  namely,  the  curves  provided 
for  distribution  factors  of  0.25,  0.50  and  0.75 
(Fig  51,  52  and  53  of  text,  respectively). 

Entering  Figures  51  through  53  of  the  text  with 
P/Pp  = 0.064,  the  values  of  Rc  are  read  from  the 
curves  for  slenderness  ratios  of  20,  40  and  60. 
These  values  are  tabulated  in  Table  24  ar  J 
plotted  in  Figure  17a  as  curves  of  Rc  versus 
7/rx  for  constant  values  of  DF/\b- 

Entering  the  curves  of  Figure  17a  with  Z/rx  - 33, 
values  of  R£  are  read  for  values  of  DF/\b  = 0.25, 
0.50  and  0.75.  These  latter  values  of  Rc  are 
then  plotted  versus  DFab  as  shown  in  Figure  17b, 
and  a value  of  Rc  = 2.60  for  the  member  is  read 
off  this  curve  for  a corresponding  value  of 
DF/\b  = 0.61.  The  ductility  criteria  for  the 
member  is  then  computed  as  shown  below: 

umax  = 1*0  + Rc/4  (from  Section  6.5  for  re- 
usable structure) 

Rc  = 2.6  (from  Fig  17b),  therefore: 

ymax  = 1 • 65  < 2.567  (maximum  y computed  at 

node  2 on  element  1 from 
Table  23) 

The  moment  diaqram  plotted  for  the  blastward 
girder  (Fig  15)  is  a combination  of  the  moment 
diagram  for  case  2 in  Figure  40  of  the  text  with 
that  of  case  1 in  Figure  43  of  the  text.  Although 
the  major  portion  of  each  peak  ductility  at  the 
member's  end  appears  to  be  caused  by  applied  end 
moments  (Case  2,  Fig  40  of  text),  the  rotation 
capacity  data  for  the  lateral  load  case  (Fig  43 
of  text.  Case  1)  will  be  used  for  the  design 
verification  as  these  data  represent  a lower 
bound  on  the  ductility  criteria  for  the  member. 
Interpolation  of  the  data  in  Figures  44  through 
48  of  the  text  using  the  guidelines  provided 
in  Section  6.4  yields  the  following  rotation 
capacities  for  the  blastward  girdar: 
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at  t = 0.014  sec:  P/Pp  = 0.143 
Rc  = 6.8 

Umax  = 1 + Rc/4  = 1 + 5-8/4  = 2-7 

At  t = 0.055  second,  the  : noment  diagram  (Fig  16) 
for  the  leeward  girder  Is  a combination  of  the 
moment  diagram  for  case  2,  Figure  40,  with  that 
of  case  1,  Figure  43  (both  of  text).  Hence,  the 
ductility  criteria  for  the  member  are  extracted 
from  Figures  44  through  48  of  the  text. 

At  t = 0.070  second,  the  moment  diagram  for  the 
member  corresponds  to  that  for  case  2,  Figure  40 
of  the  text.  Therefore,  the  ductility  criteria 
are  extracted  from  Figure  41  of  the  text. 

Summarizing  the  ductility  criteria  for  the  girder 

Z/rx  =46.1 

For  t = 0.055  second:  P/Pp  =0.022 

Rc  = 7.5  by  inspection  of  Figure  47  of  text 
Umax  ■ 1.0  + 7.5/4  = 2.88 


For  t = 0.070  secr.io:  P/Pp  = 0.114 

Rc  > 15  bv  *rcpection  of  Figure  41  of  text 
Therefore:  Umax  = 3.0 

Values  of  ymax  for  all  frame  members  are  tabu- 
lated in  Table  23. 

Step  7.  Extract  from  the  printed  output  of  the  element  load- 
time histories,  the  maximum  shear  for  each  member 
and  compare  this  value  with  the  shear  yield  capacity 
of  the  member. 

For  the  leeward  girder: 

Vmax  = 193  kN  at  the  leeward  girder/ column  connec- 
tion (element  13,  node  14)  at  t = 0.0511  sec. 
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Using  Equation  (3.11)  of  Reference  1,  the  shear 
yield  capacity  of  the  member  is  computed  as  shown 
below: 


vp  - FdA 
Fdv  = O’^S^dy 

= 273  x 103  kPa 
Fdv  = (0  - 55) ( 273  x 103) 
A„  = tw(d  - 2tf) 


[Eq  (2.3)  of  Ref  1] 
(Step  3,  Example  A.l) 


(Section  3.3.3  of  Ref  1) 


= 150  x 103  kPa 


From  the  "Properties  for  designing"  tables  of 
Reference  14  for  a W12  x 40: 

d = 11.940  in  (303.3  mm) 
tw  = 0.294  In  (7.46  mm) 
tf  = 0.516  In  (13.11  mm) 

Aw  = 7.46  [303.3  - (2  x 13.11)]  = 2,067  m2 
Vp  = (150  x 103)(2,067  x 10"6) 

= 310.1  kN  > 193  kN 


A tabulation  of  the  maximum  applied  shear  and  the 
shear  yield  capacity  is  provided  in  Table  25  for 
each  frame  member. 

Step  8.  A comparison  of  each  of  the  response  quantities 
determined  in  Steps  3,  4 and  5 with  the  limits 
specified  in  Section  6,  indicates  that  the  blastward 
column,  with  a ductility  ratio  of  2.57  at  node  point 
2 of  element  1,  should  be  increased  in  size  and  the 
remaining  numbers  should  remain  the  same  since  the 
frame  response  approaches  the  limiting  sidesway  de- 
flection of  <5/H  * 1/50. 


Step  9.  Once  the  final  member  sizes  are  established  and 
verified,  determine  the  connection  design  loads 
from  the  printed  output  as  described  in  Section  9.5, 
and  design  the  connections  in  accordance  with  the 
provisions  given  in  Chapter  6 of  Reference  1. 
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Problem  A. 6:  Using  DYNFA,  compute  the  blast-induced  responses 
of  several  representative  frames  spanning  In  each 
direction  of  a single-story  rigid  frame  steel 
building  subjected  to  a quartering  shock  wave. 
Determine  the  adequacy  of  all  frame  members  by 
comparing  the  frame  responses  computed  by  DYNFA 
with  the  frame  design  criteria  of  Section  6. 

Procedure: 

Step  1 . Compute  the  response  of  each  frame  by  running 

DYNFA  on  the  CDC  6600  computer.  Refer  to  Step  1 
of  Problem  A. 5 for  guidance  in  specifying  running 
times  for  this  computer. 

Step  2.  Inspect  the  results  of  each  analysis  as  instructed 
in  Step  2 of  Problem  A. 5. 

Step  3.  Compute  the  following  quantities  as  instructed  in 
Step  3 of  Problem  A. 5: 

a.  Peak  sidesway  deflection  of  each  frame. 

b.  Maximum  chordal  angle  for  each  girder. 

Step  4.  Compute  the  maximum  chordal  angle  for  each  exterior 
column  as  instructed  in  Ste,  4 of  Problem  A. 5. 

Step  5.  Tabulate  the  maximum  ductility  ratios  for  each 
girder  and  determine  the  appropriate  ductility 
criteria  as  instructed  in  Steps  5 and  6 of 
Problem  A. 5. 

Step  6.  If  each  of  the  response  quantities  determined  in 
Steps  3,  4 and  5 is  within  90  percent  uf  the 
limit  specified  for  it  in  Section  6,  proceed  with 
the  next  stage  of  the  design.  If  one  of  these 
response  quantities  exceeds  90  percent  of  the 
limit  specified  for  it,  increase  the  sizes  of  the 
appropriate  members  and  rerun  the  analysis  of  the 
frame. 

Step  7.  a.  Extract  from  printed  tabulations  of  the  maximum 
and  minimum  element  end  loads,  the  peak  bending 
moments  at  all  nodal  points  on  each  column 
analyzed. 
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Step  8. 
Step  9. 

Step  10. 
Step  1 1 . 

Step  12. 
Example  A. 

Required: 


b.  Prepare  a tabulation  of  the  maximum  moments 
about  both  axes  of  bending  at  all  nodal  points 
of  each  column  (Section  7.3). 

c.  Using  the  ultimate  bending  capacities  deter- 
mined In  Step  11  of  Problem  A. 2 and  the 
tabulated  moments  from  above,  compute  the 
nodal  reduction  factors  and  reduced  bending 
capacities  for  each  column  using  Equations 
(32)  and  (33).  Tabulate  all  values  as  shown 
in  table  26. 

Rerun  all  analyses  with  DYNFA  using  the  reduced 

bending  capacities  for  the  columns  that  were 

determined  in  Step  7. 

a.  Review  the  results  of  the  second  group  of  anal- 
yses as  instructed  in  Steps  2 through  5. 

b.  Tabulate  the  maximum  ductility  ratios  for 
each  column. 

c.  Determine  the  appropriate  ductility  criteria 
for  each  column  as  instructed  in  Step  6 of 
Problem  A, 5. 

Step  7 of  Problem  A. 5. 

a.  Step  8a  of  Problem  A. 5. 

b.  Step  8b  of  Problem  A.S. 

Step  9 of  Problem  A. 5. 

i:  Using  DYNFA,  compute  the  blast-induced  responses 

of  several  representative  frames  spanning  in 
each  direction  of  a single-story  rigid  frame 
steel  building  subjected  to  a quartering  shock 
wave.  Determine  the  adequacy  of  all  frame  mem- 
bers by  comparing  the  frame  responses  computed 
by  DYNFA  with  the  frame  design  criteria  of 
Section  6. 

Verification  of  the  blast  resistance  of  the  primary 
structural  framing  system  designed  in  Example  A. 2. 
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Step  1 . 61 ven : 


a.  Member  sizes  for  the  frames  on  column  lines 
A,  B,  1 and  2,  determined  in  Example  A. 2. 

b.  Input  data  decks  for  these  frames,  prepared 
as  illustrated  in  Example  A. 4. 

Each  frame  Is  analyzed  with  rYNf A on  the 
CDC  6600  computer. 

Step  2.  Inspection  of  the  printed  output  for  each  frame 
indicates  that  a successful  integration  has  been 
achieved  in  each  analysis  and  eacn  frame  has 
achieved  a peak  sidesway  response  prior  to  the 
final  integration  time  step. 

Step  3.  a.  The  peak  sidesway  deflections  for  each  frame 
are  listed  below: 

Peak  sidesway 


Frame 

deflection  (:nm) 

S/H  1 , 

Column  line  A 

47 

1/106 

Column  line  B 

63 

V79 

Column  line  1 

40 

1/125 

Column  line  2 

49 

1/102 

P"e  maximum  chordal 

angles  for  each  girder  are: 

Girder 

6max 

61 

0.20° 

G2 

0.17° 

G3 

0.31° 

G4 

0.32° 
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Step  4.  The  maximum  chordal  angles  for  the  exterior 
columns  are: 


Frame 

Col umn 

^ax 

Column 

line  A 

blastward 

0.15° 

Col  umn 

line  B 

blastward 

0.33° 

Column 

line  1 

blastward 

0.51° 

Column 

line  2 

blastward 

0.40° 

Step  5. 

The  maximum  ductility  ratios  and  the  correspond- 
ing ductility  criteria  for  the  girders  are: 

Frame 

G1 rder 

Maximum  computed  Ductility 

ductility  ratio,  y criteria,  pmax 

Col umn 

line  A 

ali 

1.00 

- 

Col umn 

line  B 

blastward 

1.03 

2.2 

Column 

line  B 

middle 

1.00 

- 

Column 

line  B 

1 eeward 

1.33 

3.0 

Column 

line  1 

blastward 

2.69 

3.0 

Column 

line  1 

leeward 

1.20 

3.0 

Column 

line  2 

blastward 

1.70 

2.0 

Column 

line  2 

leeward 

1.71 

1.75 

The  ductility  criteria  listed  above  were  determined 
using  the  data  provided  in  Figures  41,  42  and  44 
through  53  of  the  text. 


Step  6.  Comparisons  of  each  of  the  response  quantities, 
determined  in  Steps  3,  4 and  5 with  the  limits 
specified  for  them  in  Section  6,  indicate  that  the 
responses  of  the  four  frames  are  within  acceptable 
1 imi ts . 
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Step  7.  A tabulation  of  the  bending  moments  at  all  nodal 
points  on  column  B-l  is  shown  in  Table  26.  In- 
spection of  the  computed  nodal  reduction  factors 
listed  in  the  table,  reveals  that  the  member  is 
overdesigned;  hence,  the  member  is  decreased  in 
size  from  a W14  x 78  to  a W14  x 61.  The  computa- 
tion of  the  nodal  reduction  factors  for  r new 
member  is  shown  in  Table  27. 

Similar  calculations  for  columns  A-l  and  A-4 
produce  maximum  nodal  reduction  factors  of  1.44 
and  1.28,  respectively.  Honce,  these  members 
remain  the  same.  The  maximum  nodal  reductions 
for  columns  B-2  and  B-3  are  1.0  and  1.08,  re- 
spectively. The  next  smallest  size  that  meets 
all  of  the  minimum  thickness  criteria  of  Section 
2.4  Is  a W14  x 84,  which  ooes  not  have  adequate 
strength.  Hence,  columns  B-2  and  B-3  also  remain 
the  same. 

Calculation  of  nodal  reduction  factors  for  columns 
A-2,  A-3,  C-2  and  C-3  reveals  these  members  to  be 
overdesigned;  therefore,  they  are  reduced  to 
W14  x 61.  Reduced  bending  capacities  for  these 
members  are  computed  in  the  manner  illustrated  In 
Table  27. 

Step  8.  All  frames  are  re-analyzed  using  the  reduced 
bending  capacities  for  the  columns  determined 
in  Step  7. 

Step  9.  a.  1.  Inspection  of  the  printed  output  for  the 
second  group  of  analyses  indicates  that 
each  of  these  runs  was  successful  and 
each  frame  attains  a peak  sidesway  re- 
sponse prior  to  the  final  integration 
time  step. 

2.  The  results  of  the  second  group  of  anal- 
yses are  listed  as  follows: 
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Frame 


Column  line  A 
Column  line  B 
Column  line  1 
Column  line  2 


Maximum  sidesway  deflections  of  frames 
Peak  sidesway 

deflection  (mm)  6/H  < 1/50 


Maximum  chordal  angles  for  qlrders 


Maximum  chordal  angles  for  exterior  columns 

Fram 

e C 

9 

max 

Column 

line  A 

blastward 

Column 

line  B 

blastward 

Column 

line  1 

blastward 

Col umn 

line  2 

blastward 

Maximum  ductility  ratios 
and 

corresponding  ductility  criteria  for  girders 

Maximum 

computed  Ductility 
ductility  criteria 


Frame 

Girder 

ratio,  y 

pmax 

Column 

line  A 

all 

1.00 

- 

Column 

line 

B 

blastward 

1.30 

2.0 

Column 

line 

B 

middle 

100 

- 

Column 

line 

B 

leeward 

1.03 

3.0 

Column 

line 

1 

blastward 

2.73 

3.0 

Column  line 

1 

leeward 

1.10 

3.0 

Col umn 

line 

2 

blastward 

1.54 

3.0 

Column 

line 

2 

leeward 

1.44 

1.65 

The  ductility  criteria  listed  above  were  deter- 
mined using  the  data  provided  in  Figures  41,  42 
and  44  through  53  of  the  text. 
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b.  The  maximum  ductility  ratios  for  each  column 
are  listed  below: 


Frame 

Col umn 

Maximum  computed 
ductility  ratio,  u 

Column  line  A 

blastward 

3.0 

Column  line  A 

1 eeward 

1.1 

Column  line  B 

blastward 

1.5 

Column  line  B 

leeward 

1.8 

Column  line  1 

blastward 

2.0 

Column  line  1 

leeward 

1.0 

Column  line  2 

bl  astward 

2.0 

Column  line  2 

leeward 

1.7 

c.  The  corresponding  ductility 
the  above  ductility  ratios 

criteria  for 
are  listed  below: 

Frame 

Column 

Ducti 1 i ty 
criteria 
Umax 

Column  line  A 

bl  astward 

3.00 

Column  line  A 

leeward 

3.00 

Column  line  B 

blastward 

1.50 

Column  line  B 

1 eeward 

3.00 

Column  line  1 

blastward 

3.00 

Column  line  1 

1 eeward 

3.00 

Column  line  2 

blastward 

2.2 

Column  1 ine  2 

leeward 

2.2 
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The  ductility  criteria  listed  above  were  determined 
using  the  data  In  Figures  41,  42  and  44  through  53 
of  the  text. 

Step  10.  The  maximum  member  shears  are  extracted  from  the 
printed  output  and  the  'hear  capacity  of  each 
member  is  computed  as  described  in  Section  3.3.3 
of  Reference  1 . A1 1 members  have  adequate  shear 
capacity.  The  computations  are  omitted  for  brevity. 

Step  1 1 . All  response  quantities  computed  in  Step  9 are 
within  the  frame  design  criteria  specified  in 
Section  6.  Hence,  the  member  sizes  selected  are 
acceptable. 

Step  12.  Step  9 of  Example  A. 5. 
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Table  3 


Tabulation  of  peak  pressures 
for 

preliminary  design,  Example  A. 2 


Wall 

Point 

R 

(ft) 

E3S9B 

mm 

mm 

moi 

“1 

(deg) 

■ 

P =r  p 
rm  v'rarso; 

(kPa) 

A 

I 

433 

30.0 

1.65 

11.4 

30 

2.11 

24.0 

II 

465 

32.3 

1.50 

10.3 

36.3 

2.15 

22.1 

B 

I 

433 

30.0 

1.65 

11.4 

60 

2.46 

28.0 

III 

i 

467 

32.4 

i 

1.50 

i 

10.3 

62.4 
i 

2.35 

24.2 

DESIGNATION  OF  AXES  OF  BENDING 


Table  6 

Tabulation  of  d/t^  b/2tf  and  slenderness  ratios 

for 

frame  members.  Example  A. 2 


Member 

Size 

d/t*  <58.4 
w “ 

b /2t*  £ 8.5 

Hr 

X 

ESI 

G1 

W12  x 

27 

50.5 

8.12 

46.6 

G2 

W12  x 

16.5 

52.2 

7.43 

50.8 

- 

G3 

W12  x 

36 

40.1 

6.08 

45.9 

- 

G4 

W12  / 

22 

47.3 

4.75 

48.1 

Cl 

W14  x 

111 

26.6 

8.37 

31.6 

52.6 

C2 

W14  x 

78 

32.9 

8.36 

32.3 

21.9 

C3 

W14  x 

68 

33.6 

6.29 

32.7 

26.7 

C4 

Vil  4 x 

68 

368 

6.99 

10.9 

26.7 

d/ty  and  b*/2tf  for  these  members  given  in  "Properties  for 
designing  tables  of  Reference  14. 
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Input  data  for  elements  of  model  of  frame  on  column  line  2,  Example  A. 3 
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Table  12 

Dead  loads  applied  to  elements  of  model 
of  frame  on  column  line  2 Example  A. 3 


Element 

number 

Uniform  load 
(kg/m) 

Element 

number 

Uniform  load 
(kg/m) 

1 

78.9 

10 

59.4 

2 

78.9 

11 

59.4 

3 

78.9 

12 

59.4 

4 

78.9 

13 

59.4 

5 

59.4 

14 

78.9 

6 

59.4 

15 

78.9 

7 

59.4 

16 

78.9 

8 

59.4 

17 

78.9 

9 

90.8 
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Table  13 

Dead  loads  applied  at  nodal  points  of  model 
of  frame  on  column  line  2,  Example  A. 3 


Total  567.6 
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Reference  Figure  9 
Reference  Figure  8 


Blast  loading  parameters  for  Example  A. 4 


Blast  loading  data  for  OYNFA  analysis  of  frame  on  column  line  B,  Example  A.^ 


♦Parameters  used  to  generate  pressure-time  input  for  loading  mass  points 


Parameters  used  to  generate  pressure- time  inpu 


Table  21 

Dead  loads  applied  at  nodal  points  of  model 
of  frame  on  column  line  B,  Example  A.d 


Table  23 


Tabulation  of  maximum  ductility  ratios 
for 

members  of  frame  on  column  line  2,  Example  A. 5 


hex.  confuted 

Nature  of 

Response 

Applicable 

ductility  ratio 

applied 

time 

figure 

Member 

Node 

El  meant 

(u) 

P/PB 

axial  load 

i**c) 

■ii 

of  text 

Blast** rd 

1 

1 

1.000 

_ 

colunn 

2 

1 

2.567 

0.064 

compression 

0.020 

1.65 

43 

3 

2 

2.080 

0.064 

compression 

0.020 

1.65 

43 

4 

3 or  4 

1.000 

- 

- 

- 

- 

- 

$ 

4 

1.000 

- 

. 

_ 

• 

Girder  «t 

$ 

5 

1.539 

0.143 

compression 

0.014 

2.70 

43 

blast** rd 

end  of 

6 

S or  6 

1.000 

- 

- 

[ 

- 

- 

frsm* 

7 

6 or  7 

1.000 

- 

- 

- 

- 

- 

fl 

7 or  A 

1.000 

- 

- 

- 

- 

- 

0 

A 

1.558 

0.011 

tension 

0.046 

3.00* 

. 

Interior 

9 

9 

1.000 

_ 

col  non 

IQ 

9 

1.000 

Girder  at 

9 

10 

1.493 

0.114 

compression 

0.070 

3.00 

40 

leeward 

end  of 

11 

10  or  11 

1.000 

- 

• 

- 

- 

• 

fr*M 

12 

11  or  12 

1.000 

- 

- 

- 

- 

- 

13 

12  or  13 

1.000 

- 

- 

- 

_ 

- 

14 

13 

2.212 

0.022 

compression 

0.055 

2.W  . 

43 

Leewsrd 

14 

14 

1.000 

col  urn 

IS 

14  or  IS 

1.000 

V ~ 

- 

- 

- 

16 

15  or  16 

1.000 

- 

- 

- 

- 

- 

17 

16  or  17 

1.000 

- 

- 

- 

- 

- 

18 

17 

1.000 

- 

- 

- 

- 

- 

* Umax  ,or  this  ess*  given  In  $*et1on  6.3. 
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Table  24 

Tabulation  of  Rc  for  P/Pp  « n.064  and  several  values 
of  DF^g  and  l/rx  for  blastward  column.  Example  A. 5 


Figure 

Distribution 
factor,  DFab 

Rotation  capacities 

l/rx  « 20 

l/rx  ■ 40 

Z/rx  * 60 

51 

0.25 

15.0 

9.3 

4.6 

52 

0.50 

6.7 

3.5 

2.0 

53 

0.75 

2.3  1 

1.4 

1.0 

Table  25 


Table  26 

Tabulation  of  bl -axial  bending  moments 
and 

calculation  of  nodal  reduction  factors 
for 

column  B-l , Example  A. 6 


Frame  Element  Node 


Column  1 2 

line  B 


Frame 

Element 

Column 
line  1 

9 

l/3|My|g  234.4 
1 / 2 | My | 9 234.4 
2/3|My|g  234.4 

120.3  234.4 


tebm 


0.76 

0.79 

0.B2 

0.78 


Table  27 

Calculation  of  nodal  reduction 
factors  and  reduced  bi -axial 
bending  capacities  for  column  B-l: 


Column 
line  B 


Element 


1 


Frame  1 Element 


Column  9 

line  1 


l/3|My|g 

1/2|My|9 

2/3!My!9 

120.3. 


|MV|/ 


0.27 

0.41 

0.55 

0.82 


[Eq  (32)1 


1.04 

1.11 

1.18 

1.17 


Column 
line  B 


Elenient 


1 


Hnx 

tEq  (33a)l 


Frame 

Element 

Node 

Rn 

4* 

[Eq  (33b)] 

Column 

9 

10 

line  1 

L_  1 

1.17 

102.8 

o 


* 

o 


@ 


Fig  3 Primary  framing  plan  of  building 


a)  NOPAL  POINT  AND  ELEMENT  ID  NUMBERS  AND  NODAL 

COORDINATES  FOR  MODEL 


b)  DYNAMIC  DOFS  FOR  MODEL 


Fig  4 Analytical  model  of  frame  on  column  line  2 


310 


FRONT 
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Fig  5 Tributary  areas  for  model  of  frame  on  column  line  2 
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b)  DYNAMIC  DOFS  FOR  MODEL 


Fig  7 Analytical  model  of  frame  on  column  line  B 
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Fig  14  Bending  moment  diagram  for  exterior  blastward  column  at 
t = 0.0175  second,  Example  A. 5 


320 


6 


£ 


j 

| 


4 


Fig  15  Bending  moment  diagram  for  blastward  girder  at  t ■ 0,0140 
second,  Example  A. 5 
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^NODE  NUMBER 

14  — x 


-260 
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-213 


Fig  16  Bending  moment  diagrams  for  leeward  girder.  Example  A. 5 
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a)Rc  v*  l/rt  FOR  P/Pp*  0.064  a DFAB * 0.25,0.50,0.75 
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DFAB>0.6I 


b)  Rr  vs.  DFa-  FOR  t/r.  *33.3 


rig  17  Interpotation  for  Rc  for  uxterlor  blastward  column. 
Example  A. 5 


APPENDIX  B 


SAMPLES  OF  INPUT  AND  OUTPUT  OF  DYNFA 


APPENDIX  B 

SAMPLES  OF  INPUT  AND  OUTPUT  OF  DYNFA 


B.l  Introduction 


This  appendix  contains  samples  of  the  Input  and  output  of 
DYNFA.  The  Input  Is  presented  In  terms  of  a listing  of  the  Input 
data  deck  for  Example  A. 5 of  Appendix  A.  The  listing  Includes 
subtitles  designating  the  various  Input  cards  as  well  as  the 
various  Input  parameters.  Following  this  are  extracts  from  the 
printed  output  of  DYNFA  for  the  same  problem. 


B.2  Listing  of  Input  Data  Deck  for  Example  A. 5 


COLUMN 


10 


CARD  TYPE  1 
EXAMPLE  A.i 


2U  YU  AO  SO  00 

’sTNUCTuit'oESCHlprioN  CARO  (ONE  CARO  REQUIRED) 
two-may  RtOlO  FRAME  SUBJECTED  TO  BLAST  LOAD 


70 


SO 


CARD  TYPE  l PROBLEM  S»l  C l f I C ATI  ON  CARO  (ONE  CARD  REOUIREO) 

NFLM  NODE  NMOR  NNOA  KNOT  IPP  INPV  F.  YFACT  NtLAS  DEAD  NODE 

17  18  3 11  11  1 17071)00000.  007 


Caro  TYPE  1 
MODE  NO  A 


JODAL  COORDINATES  CARO  (ONE  CARD  REOUIREO  FOR  EACH  NODE) 
COORD  Y COORD 


1 

o.n 

0.0 

2 

0.0 

1 .667 

3 

0.0 

2.5 

4 

0.0 

3.333 

5 

O.aI 

5.0 

6 

2.0 

5.0 

7 

3.0 

5.0 

e 

4.0 

5.0 

9 

6.0 

5.0 

10 

6.0 

0.0 

11 

P.0 

r .o 

12 

9.0 

5.0 

13 

m.o 

5.0 

4 

12.0 

3.0 

5 

12.0 

3.333 

16 

12.0 

2.5 

17 

12.0 

1 .667 

16 

12.0 

0.0 

CARD  TYPE  A NODAL  RESTRAINT  CARO  (ENTER  RESTRAINT  CARDS  ONLY  FOR  SUPPORT  NODES) 
NODE  NO  Rl  R2  A3 

1110 
in  i i r. 

18  1 1 0 

CARD  TYPE  5 NODAL  MASS  CARO  (ENTER  CAROS  FOR  NASS  ROaNTS  ONLY) 


NO 

MX 

MY 

? 

563.7 

0.0 

4 

56K.7 

0.0 

5 

1206.3 

1241 .0 

6 

n.o 

5 54. 0 

8 

0.0 

S 54.0 

9 

190? . 

-13.3 

* 

0. 

*34.0 

i 3 

’ 

534.0 

14 

i:.m*  . j 

1241.0 

1 5 

54fc.  7 

0.0 

17 

568.7 

U.O 

COLUMN 


i in 


.10  4u  50 


60  70 


60 


8 


C3UI**  1 


.40 

TY^e  4 

ELEMENT 

C4R1S  (ONE 

CANO  REQUIRED  FOR  EACH  RFA1) 

I 

L k * 

n 

JA 

J1 

P I N 

A 3 

4 

X 

HA  HM 

PP 

PU 

| 

i 

1 

2 

00 

1 1 . u 

22b5U. j 

3VJ.0 

2750.0 

2370.0 

■> 

2 

5 

.10 

1.11.0 

22550.0 

390.0 

2750.0 

2570.0 

1 

1 

4 

00 

101 .0 

22550.0 

390.0 

2750.0 

2J7Q.O 

4 

4 

5 

00 

lui.n 

22550.0 

390.0 

2’.  50.0 

2370.0 

1 

'* 

s 

6 

00 

26.1 

12434  .0 

254.0 

2C78.C 

1867.0 

6 

? 

co 

76.1 

12K34.li 

254. U 

2078.0 

1867.0 

t 

7 

* 

on 

76.1 

128  34.  j 

254.0 

2078.0 

1867.0 

.j 

4 

3 

9 

DO 

76.1 

12834.0 

254.0 

2078.0 

1867.0 

9 

in 

9 

oo 

115.0 

26670.0 

415.0 

3155.0 

2222.0 

i| 

n 

9 

11 

(JO 

76.1 

12834.0 

254.0 

2078.0 

1867.0 

.1 

n 

1 1 

12 

00 

76.1 

12634.0 

254.0 

2078.0 

1867.0 

12 

12 

13 

uu 

76.1 

12834.0 

254.0 

2078.0 

1867.0 

i i 

1 1 

.4 

till 

74.1 

12834.0 

254.0 

2078.0 

1867.0 

14 

15 

14 

uo 

101.0 

22550.0 

390.0 

2750.0 

2370.0 

15 

16 

15 

00 

101.0 

22550.0 

390. 0 

2750.0 

2370.0 

16 

1 7 

14 

00 

101 .0 

22550.0 

390.0 

2750.0 

2370.0 

i f 

18 

1 7 

on 

lui.o 

22550.0 

390.0 

2750.0 

2370. U 

TYPE  7 

DAMPING 

(PFOUlRtD) 

‘ j 

CARD  TYPE  K INTEGRATION  TINE  CARD  UC0U1RED) 
'JOT  DT  NSKI  P 

5 )0  0.10035  10 

CARO  TYPE  9 LOADING  SHE C l f IC A T ION  CARD 

NNF 
11 

CARD  TYPE  HI  RAYEF0H1  SPE C I f I C AT  I ON  CARD  AND 

CARO  TYPE  11  P’T  CARD 
4 F NO  NPOINT 

1 4 

PI  T I 

24.2  0.0 

3.5  0.0420 

-0.0  0.0594 

0.0  1.0 

2 4 

0.0  0.0 

10.4  0.0023 

0.0  0.0603 

0.0  1.0. 


...A. 

50  60 


COLUMN 


— TO  20  30  *0  so 


COLUMN 


9F  NO  NP01NT 

3 5 


PI 

n 

0.0 

0.0 

0.0 

0.002* 

10.* 

o.ooa* 

0.0 

0.0655 

o.n 

1.0 

* 

O.U 

0.0 

0.0 

0,0085 

10.2 

<1.01*1 

c.n 

0.0717 

0.0 

1 .0 

5 

0.0 

0.0 

0.0 

O.OHI 

10.0 

0.0197 

0.0 

Q.0778 

o.c 

1.0 

6 

0.0 

0.0 

0.3 

0.0197- 

9. *3 

0.0253 

0.0 

0.0839 

0.0 

1 .0 

7 

0.0 

0.0 

0.0 

0.025* 

9.6* 

0.0310 

0.0 

0.09Q1 

U.3 

1 .0 

* 

0.3 

n.u 

0.0 

0.0311 

9.67 

0.0339 

0.0 

0.09*9 

0.0 

1 .0 

9 

0*0 

3.0 

0.0 

0.0339 

9.71 

0.0362 

0.0 

0.0975 

c.o 

1 .0 

10 

0.0 

0.0 

run 

0.0363 

9.3* 

0.0*10 

0.0 

0.1015 

o.o 

1 .0 

10  20  30  *0 


col urn 


coljjhi 


10 

20 

Wf  NO 

npoint 

11 

* 

PI 

ti 

0.0 

3.0 

0.0 

0.041(1 

9.15 

0.045? 

0.0 

0.1065 

o.u 

1.0 

30  40  50  60  70  to 

................I 


cm  type  12  trujtary  area  card  icmek  cards  only  for  rajs  points 

SUdJECTEb  TO  BLAST  LOAbS) 


NO 

ATX 

INDEX 

AFY 

INDXY 

2 

10.0 

1 

0.0 

0 

4 

10.0 

1 

0.0 

0 

5 

5.0 

1 

-6.0 

2 

6 

0.0 

0 

-12.0 

3 

a 

0.0 

a 

-12. U 

4 

9 

0.0 

0 

-12. U 

5 

11 

0.0 

0 

-12.0 

6 

13 

0.0 

0 

-12.0 

7 

14 

-5.0 

9 

-6.J 

a 

15 

-10.0 

ID 

0.0 

0 

17 

-10.0 

11 

0.0 

0 

CARD  TYPE  ij  ELERENT  UN1TORR  LOAbS  DIRECTION  INDICATOR  CARb  (REQUIRED) 

ADIR 

-Y 


CARO  TYPE  14 
ELEN  NO 
1 
2 

3 

4 

5 

6 
7 

a 

9 

to 

it 

12 

13 

1* 

15 

16 
17 


ELERENT 
NUN  IT 

78.9 
78. V 
78.7 
7b. 9 
59.4 
59.4 
59.4 
59.4 
90.  S 
59.4 
59.4 
59.4 
59.4 

78.9 
78.9 
78.9 
78.9 


UNITORR  STATIC  LOAD  CARb  (ONE  CARb  REQ*  b TOR  EACH  ELENENT) 


... •* •••«*«. 

10 


2 3 


..A....*. 

10 


40 


>.*...  .A... 

50 


60 


70 


. K 

COLON  1 1 10  20  SO  40  SO  60  70  SO 

CARD  TYPE  1 5 STATIC  NODAL  LOADS  CASS  TENTH  CARDS  ONLY  FOR  THOSE  NODES 

AT  WHICH  LOADS  ARE  ACTINt) 


NOPE  NO 

FX 

FT 

12 

5 

0.0 

-964.3 

0.0 

6 

0.0 

-415.2 

0.0 

« 

0.0 

-41 J. 2 

0.0 

9 

0.0 

-367.6 

0.0 

11 

0.0 

-415, 1 " 

0.0 

13 

0.0 

-415.2 

u.o 

14 

0.0 

-VS4.3 

0.0 

END  OF  DATA  INDICATOR 
END 
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APPENDIX  C 

METHOD  OF  INELASTIC  DYNAMIC  ANALYSIS 


C.l  Introduction 


The  theory  forming  the  basis  for  the  inelastic  dynamic 
analysis  of  frame  structures  was  presented  in  Section  3 of  this 
report.  This  appendix  presents  the  mathematical  techniques 
utilized  to  implement  this  theory  in  DYNFA. 

C . 2 Solution  of  General  Equations  of  Motion 


The  general  equations  of  motion  for  the  system  are  presented 
Ip  Section  3.4  [Eq  (11)].  Separating  the  independent  (dymamic) 
from  the  dependent  degrees -of-freedem  and  taking  the  damping 
matrix,  [C],  as  being  proportional  to  the  masc  matrix,  [M],  Equa- 
tion (11)  can  be  rewritten  in  partitioned  form  as  follows: 
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In  the  above  equation,  the  subscript  "i"  refers  to  the  Independent 
(or  dynamic)  degrees-of- freedom;  whereas  the  subscript  "d"  refers 
to  the  dependent  degrees-of-freedom.  The  parameter  "a0"  is  the 
constant  of  proportionality  between  the  damping  matrix  and  the 
mass  matrix.  The  stiffness  matrix,  [K],  is  written  in  a parti- 
tioned format. 


In  a non-linear  system,  the  elastic  properties  of  the  struc- 
ture will  vary  over  the  duration  of  the  response  as  the  Individual 
members  undergo  yielding.  However,  it  can  be  assumed  that  the 
structure  will  respond  linearly  in  a relatively  short  time  interval. 
Therefore,  the  non-linear  response  of  a system  may  be  obtained  by 
sequencing  a series  of  short  duration  linear  responses  in  which 
the  elastic  properties  of  the  structure  are  varied  from  one-time 
Interval  to  the  next. 

Based  on  this  assumption.  Equation  (1)  can  be  rewritten  as 
follows: 
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In  this  equation,  the  resistance  term,  [K]{u>,  at  time  t,  is  ex- 
pressed as  the  summation  of  the  Incremental  resistance  forces 
computed  in  successive  time  intervals.  At,  from  time  0 to  time  t. 
Hence: 


^ac. 

> 

K86_ 

= the  partitioned  system  stiffness  matrix 
over  a given  time  Interval,  At 


„ AU_U  = the  corresponding  Incremental 
}Au'dT  displacement  vector  over  the  given 
^ Jt  time  interval  At. 


The  resistance  term  of  Equation  (2)  can  be  rewritten  as  follows: 
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where 


and 
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Substituting  Expression  (3)  into  Equation  (2)  and  re- 
arranging terms,  we  obtain  the  following  relationship  at  time  t: 


where 

and 


(Fi>,  - «i)t  - [KcKFd  - Rd>T 

‘W  ' [K«,]  ' W'£KJ 


(4) 


Equation  (4)  can  then  be  Integrated  over  time  interval  At 
to  obtain  the  acceleration  vector  { u>  at  time  t.  The  intagration 
is  accomplished  using  the  linear  acceleration  method  of  numerical 
integration  wh- ch  is  based  on  the  assumption  that  the  accelera- 
tion of  a given  degree-of-freedom  varies  linearly  over  the  time 
interval  At.  Applying  this  principle  yields  the  following  ex- 
pressions fop  the  velocities  and  incremental  displacements  at 
time  t: 


354 


(u.)  = (At/2)C(u4 > - {A}  ] + {B>  (5a) 

It  It  t t 

{iut)T  = (&t2/6)[{Ui}T  - {A.; T]  (5b) 

where  {A}x  = (-6/At){u^>T-At  - 2{u*j}T_At 

and  {B}r  = -{u>T.At  - (At/Z)^.}^ 


Substituting  Equations  (5a)  and  (5b)  Into  Equation  (4)  yields 
the  following  simplified  equation: 

[M^CuVt  - tF*>t  (6) 

where  [M*]T  = CM1]  + (a^t/2)^]  + (At2^)^] 

and  [F*]t  = [F1(x)3  - ^ - [Kj{Fd  - Rrf}  - ao[M.]{B}  + 

(a0&t/2)[Mf]{A}  + (At2/6)[Keq][A] 

Equation  (6)  is  solved  for  the  unknown  accelerations  as 
shown  below: 

{‘uVt  = [M*]^{F*}t  (7) 

where  [M*]"1  = the  inverse  of  matrix  [M*]  . 

With  the  accelerations  thus  obtained,  the  velocities,  (u}T, 
and  the  incremental  displacements,  Uu}T,  can  be  obtained  using 
Equations  (5a)  and  (5b). 

The  solutions  of  Equation  (7)  is  obtained  with  a step-by- 
step  procedure,  starting  at  zero  time  when  the  displacement  and 
velocity  are  presumably  known.  Hence,  the  initial  acceleration 
CuVo  can  be  obtained  from  the  following  expression: 

«1>„  * - [Keq]<Vo  - 

[Kc]fFd(0) }}  - aofui  }0  (8) 

The  time  scale  is  divided  into  discrete  intervals,  At,  and 
one  progresses  by  successively  extrapolating  the  accelerations 
from  one  time  station  to  the  next. 
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C . 3 Composition  of  Applied  Loads  Matrix 

The  applied  loads  matrix,  (F(t)},  is  composed  of  the  follow 
ing  quantities: 


1.  The  time  dependent  blast  loads,  P( t ) , applied  to 
the  independent  degrees-of- freedom. 

2.  The  unbalanced  shears  produced  by  the  second  order 
effects  (P-a,  beam  column)  which  occurs  as  the 
structure  responds  to  the  blast. 

In  a partitioned  format,  the  matrix  of  the  applied  loads  is 
written  as  follows: 


{Fd(t»r' 


= < 


P(t) 


(9) 


The  blast  loads,  P(t),  are  computed  by  the  analyst;  whereas 
the  unbalanced  shears,  V,  are  computed  on  the  basis  of  the  de- 
flected position  of  the  elements  at  the  end  of  each  time  inteval. 


Consider  the  element  shown  in  Figure  1 . By  the  end  of  the 
(i  - l)th  time  increment,  the  element  has  deflected  to  the  posi- 
tion shown  in  Figure  la,  and  the  unbalanced  moment  at  this  time 
is: 


(Mu)i_i  = P(yB  - yA)  (10) 

Over  the  nex’  increment,  the  element  deflects  to  the  posi- 
tion shown  in  Figure  IB  and  the  axial  load  increases  by  an  amCiint 
aP.  Therefore,  at  the  end  of  the  (1)th  time  increment,  the  un- 
balanced moment  is: 

(Mu)i  = (P  + AP)[yB  + AyB)  - (yA  + AyA) ] (11) 

The  change  in  the  unbalanced  moment  over  the  (1)^  increment 
is  determined  by  subtracting  Equation  (11)  from  Equation  (10), 
thereby  obtaining: 

AMU  = P(AyB  - AyA)  + AP[(yB  + Ayg)  - (yft  + Ayft)]  (12) 

The  incremental  unbalanced  moment,  AMU,  is  applied  to  the  element 
in  terms  of  an  unbalanced  shear,  aVu,  which  is  obtained  as 
follows: 
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AV  = (AMU/L) 

where  L is  the  length  of  the  element.  These  unbalanced  shears 
are  applied  at  the  ends  of  the  element  as  shown  in  Figure  lc. 

The  total  unbalanced  shear  at  a given  time  increment  is 
then  the  sum  of  the  previously  computed  Incremental  shears. 


The  computation  of  these  unbalanced  shears,  and  their  Inclusion 
in  the  applied  loads  vector  are  performed  Internally  by  DYNFA. 

C.4  Element  Stiffness  Matrix 


In  the  analysis,  the  element  stiffness  matrices  may  vary 
from  one  time  increment  to  the  next  due  to  the  occurrence  of  non- 
linear behavior.  During  a given  time  increment,  however,  the 
elements  are  assumed  to  behave  linearly.  Thus,  the  force- 
displacement  relationship  for  an  element  Is  expressed  on  an  In- 
cremental basis,  as  follows: 

{Af } = (kHAu)  (15) 

where  {Af}  ■ the  change  in  the  element  axial  loads, 

shears  and  bending  moments  over  a given 
time  increment 

[k]  = the  element  stiffness  matrix  for  the 
time  Increment 

As  discussed  in  Section  3,  the  total  stiffness  of  an  element  is 
assumed  to  consist  of  an  elasto-plastic  component  acting  in  par- 
allel with  an  infinitely  elastic  component.  Hence,  the  total 
stiffness  of  an  element  can  be  expressed  as  follows: 

[k]  - (p  + q)[k]  (16) 

where  p[k]  = the  stiffness  of  the  infinitely 

elastic  component  (k^e  In  Fig  9b  of  text) 

q[k]  = the  stiffness  of  the  elasto-plastic 
component  (kep  In  Fig  9b  of  text) 

p + q = 1 
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In  most  cases,  the  following  quantities  are  utilized  for  the 
parameters  p and  q: 


p = 0.05 
q = 0.95 


In  expanded  form.  Equation  (15)  is  rewritten  as  follows: 


APA 

kl 

0 

0 

-kl 

0 

cT 

r~ 

axa 

AVa 

0 

k3 

0 

"k3 

k5 

ama 

► = 

0 

k2 

k4 

0 

-k2 

k6 
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A8a 

apb 

-kl 
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kl 
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0 

axb 

AVB 

0 

-k3 

“k2 

0 

k3 

~k5 

AYb 

.A\ 

0 

k5 

k6 

0 

“k5 

k7 

A0b 

In  the  above  equation,  the  incremental  element  loads  vector, 
{Af},  is  expressed  in  terms  of  the  incremental  axial  load,  aP, 
incremental  shear,  aV,  and  Incremental  bonding  moment,  AM;  like- 
wise, the  incremental  displacement  vector, {au},  is  expressed  in 
terms  of  the  components  of  the  incremental  deformations  in  the 
local  coordinate  system  for  the  element.  The  subscripts  A and  B 
refer  to  the  ends  of  the  element. 

The  stiffness  coefficients,  k-j,  vary  depending  upon  the 
yield  and  restraint  conditions  at  the  ends  of  the  element.  Ex- 
pressions for  computing  these  coefficients  are  provided  In 
Table  1 for  the  various  combinations  of  end  conditions. 

C. 5 Computation  of  Plastic  Component  of  Element  End  Rotations 

The  incremental  plastic  components  of  the  relative  element 
end  rotations  are  computed  as  follows  for  the  ten  cases  of  end 
conditions  specified  in  Table  1: 

Cases  1 , 2 and  3 - Elastic  restraints  at  ends  A and/or  B 

and  vice-versa: 

ABa  = ABb  = 0 
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Case  4 - Yield  at  (A);  elastic  restraint  at  (3): 

ABA  s (AyA  - Aa)  + (1/2) (AyB  - Aa) 

ABB  s o 

Case  5 - Yield  at  (A) ; pin  at  (B) : 

A 6a  = AyA  - Aa 
ABB  = 0 

Case  6 - Elastic  restraint  at  (A);  yield  at  (B): 

«A  *° 

ABg  = (Ayjj  - Aa)  + (1/2)(AyA  - Aa) 

Case  7 - Pin  at  (A);  yield  at  (B): 

46»  -° 

ABg  = AYg  - Aa 

Cases  8 and  9 - Pin  at  (A)  and  (B),  elastic  and  plastic 
conditions: 

ABa  = ABg  = 0 

Case  10  - Yield  at  (A)  and  (B): 

ABA  = AyB  - Aa 


ABg  = AYg  - Aa 

Each  of  the  ten  conditions  listed  above  is  Illustrated  in 
Figures  2,  3 and  4. 

C.6  Sunwnary  of  Analysis  Procedure 

A summary  of  the  overall  analysis  procedure  Is  presented  In 
terms  of  a logic  flow  diagram  in  Figure  5.  The  sequence  of  oper- 
ations depicted  is  followed  by  program  DYNFA. 
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C.7  Evaluation  of  Analysis  Method 

The  validity  of  the  analysis  method  and  of  program  DYNFA 
was  verified  on  the  basis  of  a comparison  with  the  known  solu- 
tions for  the  response  of  the  portal  frame  shown  In  Figure  6. 

The  comparison  was  made  on  the  basis  of  the  following: 

1.  An  elastic  analysis  with  MRI  STARDYNE  computer 
program  (22). 

2.  An  elasto-plastlc  analysis  with  INELAS  2D  computer 
program  (10). 

3.  An  inelastic  analysis  with  the  DYNFA  computer  program. 

The  results  of  each  of  these  analyses  are  presented  in  terms 
of  a plot  of  the  horizontal  displacement  history  of  the  frame 
(Fig  7).  Inspection  of  the  plotted  displacement  histories 
reveals  the  occurrence  of  inelastic  action  in  the  structure  com- 
mencing at  time  0.20  second  and  continuing  throughout  the  remain- 
der of  the  response.  Note  that  there  is  good  correlation  between 
the  DYNFA  response  and  the  INELAS  2D  response,  which  is  purported 
to  be  an  exact  solution  for  the  problem.  By  virtue  of  this  com- 
parison, it  can  be  concluded  that  the  method  of  inelastic  dynamic 
analysis  implemented  in  DYNFA  will  produce  a reasonably  good  pre- 
diction of  the  inelastic  dynamic  response  of  a frame  structure. 
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Element  stiffness  coefficients 


a)  Position  at 
End  of  (i-l)tt* 
Incromont 


b)  Position  at 
End  of  (i),h 
Incrsmsnt 


c)  Unbalancsd 
Incremental 
Shsor  at 
End  of  (0th 
Incrsmsnt 


Fig  1 Calculation  of  second  order  effects 
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Fig  5 Summary  of  analysis  procedure 
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Fig  6 Portal  frame  analyzed  with  DYNFA , INELAS  2D  and  STARDYNE 
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FORTRAN  LISTING  OF  COMPUTER  PROGRAM  DYNFA 


D.l  General 


This  appendix  contains  the  FORTRAN  listing  of  computer 
program  DYNFA.  Preceding  the  listing  are  summaries  of  the  func- 
tions performed  by  the  mainline  and  all  of  the  subroutines  of  the 
program. 

D. 2 Structure  of  Program 

The  computer  program  is  written  in  FORTRAN  IV  for  execution 
on  the  CDC  6600  computer  using  the  Extended  (FTN)  FORTRAN  compiler. 
A central  memory  field  length  of  170,000  words  (octal)  is  required 
for  execution  of  the  program  on  this  computer. 

The  program  consists  of  a main  routine  and  eleven  subroutines. 
The  operations  performed  by  each  are  summarized  below: 

Main  Routine  DYNFA  - The  main  routine  initiates  the  execution  and 
directs  the  overall  sequence  of  operations  performed  in  the  frame 
analysis.  To  perform  the  required  operations,  the  main  routine 
calls  the  following  subroutines: 

1 . Subroutine  READ 

2.  Subroutine  ZERO 

3.  Subroutine  STIF 

4.  Subroutine  PLOAD 

5.  Subroutine  DYDIS 

6.  Subroutine  ELEFD 

7.  Subroutine  PRINT 

Subroutine  READ  - This  subroutine  reads  in  and  prints  out  the 
input  data.  In  addition,  the  subroutine  counts  the  total  number 
of  degrees-of- freedom  as  well  as  the  number  of  dynamic  degrees- 
of  freedom  in  the  model.  This  subroutine  also  determines  the 
line  count  parameter  which  establishes  the  amount  of  data  printed 
on  every  page  of  the  output. 
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Subroutine  ZERO  - This  subroutine  assigns  a value  of  zero  to  all 
of  the  variables  In  the  dimensioned  storage  arrays. 

Subroutine  ST IF  - Subroutine  STIF  generates  the  element  and  system 
sti ffness  matrices . The  subroutine  partitions  the  system  stiff- 
ness stiffness  matrix  into  the  various  submatrices  utilized  in  the 
numerical  Integration  routine.  In  addition,  this  subroutine  forms 
the  condensed  stiffness  matrix  (see  Ref  11)  of  the  system.  In 
performing  these  operations,  the  subroutine  calls  the  two  utility 
subroutines  listed  below: 

1.  Subroutine  TRANS  - Subroutine  TRANS  generates  a 
transformation  matrix  for  each  element  which 
orientates  the  local  element  coordinate  system 
with  respect  to  the  global  coordinate  system. 

2.  Subroutine  MINV  - This  subroutine  performs  a 
matrix  inversion  on  a symmetric,  non-singular 
matrix. 

Subroutine  PLOAD  - This  subroutine  performs  the  dead  and  live  load 
analysis  of  the  frame.  The  subroutine  utilizes  subroutines  MINV 
and  TRANS  in  the  computation.  The  results  of  the  analysis  are 
printed  in  the  format  shown  in  Appendix  B, 

Subroutine  DYDIS  - Subroutine  DYDIS  performs  the  numerical  inte- 
gration of  the  equations  of  motion  of  the  system  using  the  inte- 
gration method  outlined  in  Appendix  C.  The  results  of  this 
integration  consist  of  the  accelerations  of  the  dynamic  degrees- 
of-freedom  of  the  model.  The  displacements  are  computed  as  des- 
cribed in  Appendix  C.  Subroutine  DYDIS  also  records  the  maxima 
and  minima  of  the  nodal  displacements.  The  time  histories  of 
the  nodal  displacements  arc  also  printed  by  this  subroutine. 

Subroutine  ELEFD  - This  subroutine  computes  the  element  end  loads 
using  subroutine  TRANS,  and  determines,  using  subroutine  YIELD, 
whether  the  elements  are  in  either  the  elastic  or  plastic  condi- 
tion. The  subroutine  also  computes  the  element  end  rotations. 

The  time  histories  of  the  element  end  loads  and  rotations  are 
printed  out  by  this  subroutine.  The  peaks  (maxima  and  minima) 
of  these  response  quantities  are  extracted  from  the  time  histories 

Subroutine  ELEFD  also  performs  the  P-A  and  beam  column  approxima- 
tions by  computing  equivalent  element  shears  using  subroutine  PDEL 
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Summaries  of  the  tasks  performed  by  subroutines  YIELD  and 
PDEL  are  provided  Lelow: 

1.  Subroutine  YIELD  - This  subroutine  utilizes  t;:a 
Interaction  equations  9 Wen  In  Section  3.3 

to  determine  whether  the  element  Is  In  the  elastic 
or  plastic  condition. 

2.  Subroutine  PDEL  - Subroutine  PDEL  computes  the 
equivalent  element  shears  using  the  method  outlined 
In  Appendix  C. 

Subroutine  PRINT  - This  subroutine  computes  the  ductility  ratios 
for  the  elements  of  the  model  and  prints  out  the  tabulations  of 
the  significant  response  parameters  described  in  Section  9.4. 

The  following  pages  contain  the  FORTRAN  IV  listing  of  pro- 
gram DYNFA. 


ooo  ooo  o o o 


PROSCAN  OYNFA< INPUT, OUTPUT, TAPE2*INPUT,TAP£5«0UTPUT) 

C NON-LINEAR  DYNAMIC  FRAME  ANALYSIS 

DIMENSION  UMAX <10, 3) ,UMIN <30 • 3> , T MAX < 30 ,3) ,TMIN<30,3> 

DIMENSION  R<60) « R0<60 ) ,RDR<60 ) , IIOL3 < 30 ,2) 

DIMENSION  SAB (60  ,601  ,SAA <60 ,60 ) , SSB3 <60 ,60) 

DIMENSION  CNNP (30,21 ,CMNV <3C « 2) , CMPP <30 ,2) ,CMPV (30 *2)  ,CLPH< 30 ,2 ) , 
1CLPY  <30,21 ,CLNM  < 30 , 2 ) ,CLNV<30,2> 

DIMENSION  CHOMP <30, 2) ,CMOHN<3Q,2) «CLOAD<30,2) ,TMOHP<30,2) , 
1TH0HN<30,2),TIM£L<30,2I 
DIMENSION  PY<30) ,PCRY (30) 

DIMENSION  YMV (30 ,2) • JA<30), 

1JB<30),VL<30),CN<30) ,SN <3C ) , A <30 ) , AI < 30 ) ,MPA <30) ,HPB< 30) ,NINOF<60) 

2,  NOE OF <6C) « IDT < 93),  FAREA  < 90 ) ,HNAS <60 ) ,IMV AT (30 ) 

3, ACEL<63),V£LS(60),SEQ(6u,60>,3ISP(60),U<  93)  , 

LOU < 90) ,OOISP (60), SBB <60, 6Q) ,SBA <60,60 ) tOLTD <63,1), ODLTD (60,1) , 
5SEL ( 30 ,6,6) , ELNF (30, 6), I MY A( 30), IMYB<30 ) ,TBA(30 ) , 

6 TBS (33) , IMYBT (30) , NUNIF (30) ,NSFQF(  90 ) , NR XI <3C > , NRX2 < 30> ,NRX3(30) 
DIMENSION  AK(  8100>,MATX1(  9Q),MATX2<  90 ) »PPP <33 , 20) , TTT (30 , 20 ) 
DIMENSION  SSV(  90,  90) 

DIMENSION  ILASTA<30) ,ILASTB(3Q> 

DIMENSION  TEBB(30),T£BA(3£) 

DIMENSION  RMAX  (30,6)  ,RMIN <30 , 4)  , T IN ( 30 , 6)  , TMM  <30  , •») 

DIMENSION  TITLE (23) 

DIMENSION  PYMAX(30,2«,PYMIN(3u,2> 

COMMON  NUNIT.PYMAX.PYMIN 
COMMON  ICOUN.NCOUN, TITLE 
COMMON  RMAX, RMIN, TIM, TMM,TEBA,TEBB 
COMMON  ILASTA,ILAST8,NELAS 
COMMON  UMAX, UMIN.TMAX, THIN 
COMMON  NSKIP, INDEX* 

COMMON  SAB,S AA « S8B0 
COMMON  R,RO,ROR,  HOLD 
COMMON  PY.IPR0, IPRMP 

COMMON  NOT ,LL , NMEM, YMV,  CLOAD, CHOMP, CMOMN, TMOMP, TMOMN, 

itIMEL, CMNP.CMN tf ,CMPP ,CNPV ,CLPM,CLPY,CLNM,CLNV 
COMMON  NNOOE • J A , J3 , VL ,CN, SN, A , AI ,E ,MPA , MPD.NINDF , NDEDF, 

1NINTL,NDETL,I0F,  FARE  A, WMAS , IMY AT , I MYBT ,PP? , TTT , NNF , 

2DT, ACEL,VELS,DAMP,SEQ,DISP,U,  OU.OOISP.SPB.SBA, 

3DLTD, ODLTD , SEL,  ELMF,  I M, x,I MYB,T BA ,TB8 

COMMON  YFACT,PCRY,SSY,MSFOF, AK,MATX1 ,MATX2 
COMMON  MUNIF,NFS'N0IR,NRX1,NRX2,NRX3,NLN0DE,N0EA0 
DO  500  NI«1,1C0 
NCO JN*Q 


CALL  SUBROUTINE  READ  TO  READ  INPUT  FROM  CAROS 


1 CALL  REAO 
NSIG*  1 


CALI  SUBROUTINE  ZERO  TO  INITIALIZE  VARIABLES  FOR  STATIC  ANALYSIS 

CALL  ZERO < NSIG) 

IF( NOE AD) 2 ,2,3 
2 LL=Q 

CALL  SUBROUTINE  STIF  TO  FORMULATE  STIFFNESS  MATRIX  FOR  STATIC 
ANALYSIS 
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OYNFA 


CALL  STIF 


CALL  SUBROUTINE  PLOAO  TO  PCRFORt.  ATIC  ANALYSIS 


CALL*  PLOAOtSSY,  NSFOF ,NFS,$N«CV« VL,NOIft,WIJNIF,NN£N, JA« JB,ELNF, 

1 NNOOE.CU  »U« SEL» AKtNATX 1* HAT X2*NPA*NPB* NLNOOE* TITLE tNCOUN  »TEB8. 
1 TEBA.ICOUN.NUNIT) 

NSIG»2 

• ***•*»*» -i  »»»•»•«*»*«*•*»••*•••»»»«»»»**»»•»»**•*  i' *»«•»?  *••<'•**»»  * 

CALL  SUBROUTINE  ZERO  TO  INITIALIZE  VARIABLES  AFTER  STATIC  ANALYSIS 

CALL  ZERO(NSIS) 

3 00  4 J*1»NNEN 

4 NSFOF  <JMO 

00  45  J«1,NN0DE 
IF<NRX1<J)  »NRX2<J) 145.45*5 
$ IF<NRX3  < Jl  110*19*45 
10  NCON«0 

DO  20  K»1*NNEH 
IF<J<JA<IO  US, 12, IS 

12  NEN0*1 

13  NC0N«NC0N*1 
NATXKNCON)  *K 
NATX2<NC0N)«NEN0 
GO  TO  20 

15  IF<J<JB<KD  20,14*20 

14  NEN0«2 
GO  TO  13 

20  CONTINUE 

IF<NC3N-H 25,25, 30 
25  K=MATXi <NCON) 

NMATX2  INCON) 

NSFOF  <KI  «*• 

GO  TO  45 

30  NJ«0 

00  35  L*1*NCQN 
K«NATX1<LI 
NPI N*NATX2<L) 

GO  T0<31,32),NPIN 

31  IF<NPA<K»-1135*33,3S 

32  IF<N*B<K1<1I35*33,35 

33  NJ*NJD 
35  CONTINUE 

NOIF»NCON-NJ 
IF<N0IF<1)45, 39*45 
39  00  41  L*l»  NCON 
KsHATxKL) 

NPI N*NATX2 (LI 
GO  T0<42*43l ,NPIN 

42  IF<NPA<K>-1>44,41,41 

43  IF<HP3<KI<1I44*41*41 

44  NSFOF <K»«NPIN 
GO  TO  45 

41  CONTINUE 

45  CONTINUE 
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dynfa 


I NDEXMaQ 
NMRITE»NSKIP 
00  200  LL*1,N0T 
IF(I  L-NMRITE) 40,50,50 
50  INQEXM»l 

NMRITE»NMRITE4-  NSKIP 
GO  TO  300 
40  INOEXtt*0 

300  IF(LL*1I35Q,35Q,325 
325  00  100  K*1»NMEH 

NLASA?IMYAT(K)  -ILASTAItO 
NLASB«IMYBT(KI-ILASTB(IO 
IP ( NL AS A) 350, SO , 350 
00  IF(NL ASB! 350 ,l00,35fl 
100  CONTINUE 
GO  TO  400 

»**  <f  »»,**»*»*»»*»*****♦♦**»»******•»♦**•**,*»** *v**» **»****»•  * 

call  subroutine  stif  to  formulate  stiffness  matrix  for  dynamic 

ANALYSIS 


350  CALL  STIF 

CALL  SUBROUTINE  OYOIS  TO  SOLVE  E3UATIONS  OF  MOTION 


400  CALL  3YOIS 

CALL  SUBROUTINE  ELEFO  TO  COMPUTE  ELEMENT  LOADS  AND  END  ROTATIONS 
(ELASTIC  ANO  PLASTIC! 


CALL  ELEFO 
200  CONTINUE 

CALL  SUBROUTINE  PRINT  YQ  PRINT  TABULATIONS  OF  MAXIMA  AND  MINIMA  OF 
ELEMENT  LOAOS,  ELEMENT  END  ROTATIONS  ANO  NODAL  DISPLACEMENTS 

CALL  PRINT 
500  CONTINUE 
CALL  EXI1 
END 


SUBROJTINE  READ 

C READ  AND  PRINT  SUBROUTINE 

OIMENSION  UMAX  (30  * 3 ) ,UNIN  (30 ,31  ,TNAX.(30 .3)  .THIN(30,3) 

DIMENSION  R(63) ,RD(6Q),RDR(6O),IIOLO(30,2> 

OIMENSION  SAB(60  .60) ,SAA 160 *60 » , SBB3 (60 ,60 1 

DIMENSION  CMNP (30  <2 1 ,CNNV ( 3C  * 2) , SNPP ( 30 ,2) ,CMPY(3B.2> ,CLPH(30 ,2). 
1CLPV (30,2) ,CLNM ( 30 . 2 ) ,CLNY(3Q,2) 

OIMENSION  CMOHP(30,2> ,CMCMN(30, 2» .CLOAO (30 ,2) ,TnOMP( 30.21 , 

1THOMNI 30.21 «TIH£L(30«2) 

OIMENSION  PY(30) ,PCRY(30) .YMY(J0,2) 

OIMENSION  X(301  ,Y(10) ,N*X 1 (30 ) , NRX2 ( 30) .NRX3I30) , MX(30> , MV( 30 > , 
lJA(30).ja(3Q)»MPA(30>  .KPB  (30 1 , A ( 30 1 . AK30  > . CN(30)  ,SN(30)  . 

2VLI3S) «PPP(30«20 ),TTT(3Q,2T)  .FAREA ( 90I.IOFI  9Q ) ,TITLE(20) . 

3N0R(  90 ) .NFSDF ( 90) ,NBOF(30)  .Ml  90) , NINOF (60) ,NMAS (60 ) .NOEOF (6 0 ) 
OIMENSION  IMVAT(30) , IMYBT (30), ACEL (60 ) ,VELS(60) , SEQ(60,60) , 

10ISP (60 ) «U ( 90),  OU(  90) ,00 ISP (60) ,SBB (60,60 , 

2SBA (60 ,60) ,DLT0(60,1) , DDL TO (60,1) ,S EL (30,6,6) , 

3ELMF (30,6) , IMY A ( 30 ) , INY9 ( 30 ) , T3 A ( 30 ) « TBB (30 ) ♦ 

4 SS V ( 90,  90) ,MJNIF(30) 

OIMENSION  A<(  6100) ,NATX1(  90>,MATX2(  90) 

OIMENSION  ILAST.K3Q)  ,ILAST9(30) 

OIMENSION  TEBB(30),TEBA(3C) 

OIMENSION  RMAX (30 .4) ,RMIN(3Q,4) . TIM( 3C ,4) , TMM (30,4) 

OIMENSION  NSlGN(2)«IXORY(2) 

OIMENSION  EM00(2),UNIT(2),UNWG(?) ,BUNIT (2,4) , AUNIT (2 ) ,UNFUN(2), 

1 G(2) 

OIMENSION  PVM AX ( 30,2) ,PYMIN(30,2> 

COMMON  NUNIT ,PYMAX,PYMIN 

COMMON  ICOUN.NCOUN, TITLE 

COMMON  RNAX,RMIN,TIH,'TMM,TEBA,TEBB 

COMMON  ILASTA,ILASTB,NELAS 

COMMON  UMAX  ,UNIN,TMAX,TMIN 

COMMON  NSKIP, INOEXM 

COMMON  SAB,SAA,SBBO 

COMMON  R,RO,ROR, IIOLO 

COMMON  PV.IPRO.IPRMP 

COMMON  NOT,LL,NMEM,YMY,  CLOAO , CHOMP, CNOMN.TMOMP, TMOMN, 

1TIHEL,CMNP,CNNV,CMPP,CNPV.CLPN,CIPV,CLNN,CLNV 
COMMOIJ  NNOOE.  JA« JB.VL.CN, SN, A, AI ,E  «MPA, MPB.NINOF , NOEOF, 

1 MINT L, NOETL , IDF , FAREA, MM AS , I NT AT, IMYBT ,PPP,TTT ,NHF , 

2QT, ACEL,  VELS.O AMP, SEQ,OISP,U,  DU, DOISP.SBB.SBA, 

30LT0, OOLTO,  3EL , ELMF , I NY A, INYO, T BA, TBB 

COMMON  YFACT, PCRY.SSV, NFSDF, AK,MATXl,NATX2 
COMMON  HUNIF,NFS,N0IR,NRX1,NRX2,NRX3,NLN0DE»NDEAD 
OATA  SIGNAL/4HEN0  / 

DATA  NSIGN/1H  ,1H-/ 

OATA  IXORY/lHX.lHY/ 

OATA  G/1000. 0,386. OF 
OATA  LUNIT/2HUSF 
DATA  EH00/4H  KPA.4H  PSZF 
OATA  JNIT/4H  (M),4H(IN)/ 

OATA  UNMG/4H(KG) ,LH(LB)  / 

OATA  BUNIT/7H(CM**2> ,7M (IN**2) , 7H  (CM**4) , 7H ( IN**4) , 

1 8H  (KN-M),SM  (LB- IN) , 5H (KNS) , 5H (LBS ) / 

OATA  AUNIT/7H(H**2)  ,7H(IN**2)/ 

OATA  UNFUN/8H  (KGS/M) ,8H(LBS/IN) f 
NUNIT - 1 
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RE  AO 

WRITE (5* A95) 

•*95  FORMAT  (1H1) 

C ,M*»M**»m****M*««***»MMMI**»*M*MM*M**M»*»*»»M**M* 

C READ  STRUCTURE  DESCRIPTION  CARO  - CARO  TYPE  1 - CHECK  FOR  ENO  OF 
C DATA-  INDICATOR 

C M**MMM«MM**»M***MM*M*Mm**M***»**M*»«*»»*»»*M»*»* 

READ! 2*500 ) TITLE 
IFfTITLECil.Ea.SIGNALICA! L EXIT 
WRITE (5*500)  TITLE 
500  FORMAT I20AA) 

c m»<*m*««„*».*m«»m»*,*«m*»***»*»***»******«*»«»*»h*m*»»** 

C READ  PROBLEM  SPECIFICATION  CARO  - CARD  TYPE  2 

c m*»,i«.m,*«**.*m»»**«***m«»»*******«**»*«*«***»****«*m*«*» 


READ(2*505)NMEM,NNOOE«NNOR* NNO W , NNOF* 1PR3 * IPRNP * E «YFACT »NELAS* 
1 NDE  A D , NLNOOE  * NU 
505  FORHAT(7I5i2F10.O,3IS,8X,A2) 

IF(MU.EQ.LUNIT)MUNIT*2 
IFtNUNIT.EQ.2JGO  TO  1001 
MRITEI5.1000I 


WRITE (5*1006) 

WRITE(5»  100  A) 

GO  TO  1002 
1001  WRITE(5*1003) 

WRITE(5*1005) 

WRITEI5.1007) 

1000  FORNATt//,  37X.12H,  -;TS-NETRIC*/,37X,12H— - , 

1//,  37X* 11W3ASIC  UNITS*//, 

2 35X.17HLESGTH  - NETRE(N) »/, 

3 37X*19MNASS  - KILOGRAH(KG) ,/, 

<*  3?X,t8HTIME  - SECOND  (SEC)  *//* 

3 18X,5QHUNITS  FOR  ELEMENT  PROPERTIES,  CAPACITIES  AMD  LOADS,//, 

6 37X, 32KAREA  - SQUARE  CENTIMETERS  (CM**2) ,/, 

7 2AX , 5SHMOMENT  OF  INERTIA  - CENTIMETERS  TO  THE  FOURTH  PO 
8W ERICH** A)  ,/, SIX, 39H AXIAL  LOAO  AND  SHEAR  - KILQNEMTONS (KNS)  ,//, 

9 27X* A1H3ENDING  MOMENT  - KlLONEWTON-m'TERIKN-MI  I 

1006  FORMAT*/,  36X.13HAPPLIED  LOADS,//, 

1 33X , 26HPRESSURE  - KILOPASCAL (KPA) , /, 


.2  27X.36HTRIBUTARY  AREA  - SQUARE  METRES(M**2) ,/, 

3 21X, AAHMEMBER  UNIFORM  LOADS  - KILOGRAMS /METRE (KG/M) */* 

A 20X, 37HSTATIC  LOADS  AT  NODES  - KILOGRAMS (KG) */, 

5 18X»<*7HST AT IC  MOMENTS  AT  NODES  - KILOGRAM- ME TERIKG-M I ,//, 


6 39Xp9HC0NSTANTS,//, 

7 1 8X.55HACCELERAT ION  OF  GRAVITY  - 9.8  METRES  PER  SECOND  SQUARE 


80,/,  2CX, AOHMOOULUS  OF  ELASTICITY  - KILOPASCALS (KPA) *//*22X* A2H* 
9N*'T E - APPLIED  STATIC  LOADS  IN  MASS  UNITS) 

100 A FURMAT I//37X,  11 MO EF LECTIONS,// * 

1 22X,36HN00AL  DISPLACEMENTS  - MI LI  METRES (MM) ,/, 10 X, 

2 A6HNOQAL  ANO  ELEMENT  END  ROTATIONS  - DEGREES tDEG) ) 

1003  FORMAT!//,  37X,  8MUNITS-US , / , 3TX , 6H , 

t //,  37X tUHBASIC  UNITS,//* 

2 35X,19HLEMGTH  - INCHES ( IN) ,/ , 

3 35X,20HWEIGHT  - POUNDS (LBS) , /, 

A 37X , 1 8MT I ME  - SECOND ( SEC) ,// , 

5 18X,50HUNITS  FOR  ELEMENT  PROPERTIES,  CAPACITIES  AND  LOADS,//, 

6 37X.27M AREA  - SQUARE  INCHES(IN**2) ,/, 

7 2*>X , 53HHOHENT  OF  INERTIA  - INCHES  TO  THE  FOURTH  POWERII 
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READ 

8N**4 ) ,/,21X,34HAXIAL  LOAD  ANO  SHEAR  - POUNDS (LBS >,/ , 

9 2 'X*  36HBENDING  MOMENT  - POUNO-I NCH ( LB-I N)  ) 

1C C 7 FORMAT (/,  36X»13H APPLIED  LOAOSy//, 

1 33X, 36HPRESSURE  - POUNDS  PER  SQUARE  INCH(PSI), 

2/,  27X.37HTRI8UTARY  AREA  - SQUARE  I NCH ESI IN** 2 l */* 

3'  21X» ‘♦6HMEMBER  UNIFORM  LOADS  - POUNDS  PER  INCH (LBS/IN) , 

4 2OX9 3SHST AT IC  LOADS  AT  MODES  - POUNDS (LBS) , /, 

5 1BX*45HST AT IC  MOMENTS  AT  MOOES  - POUND-INCH ( LB-IN)  ),✓/, 

5 39X  * 9HCONST  AUTS  , //  , 

7 1 8X,57HACCSLERAT ION  Cr  GRAVITY  - 386. 4 INCHES  PER  SECOND  SQUA 

8REO, /»  2CX  , 51HM00ULUS  OF  ELASTICITY  - POUNDS  PER  SQUARE  INCHCPSD) 
1005  FORMATI//37X,  11H0EFLEC T IONS . H , 

1 22X * 32HN0DAL  DISPLACEMENTS  - INCHES « IN) , /.1CX, 

2 46HN0DAL  ANO  ELEMENT  END  ROTATIONS  - OEGREES (DEG) ) 

1002  MRITE (5,495) 

WRITE(5,500)TITLE 


C 

C 


IPRD=1  PRINT  DISPL.  IPRMP=i  PRINT  M-V-P 


1 

510 

512 

514 

516 

518 

519 

517 

520 

5 

6 

521 


HRIT£(5.510)NK£H 

FORMAT! 7/ 5X.34H NUMBER  OF  ELEMENTS  * .12) 

WRITE! 5*512) NNOOE 

FORMAT (5X,34HNUMBER  OF  NODES  * ,12) 

WRIT* (5*51 4)NNOR 

FORMAT (5X*34HNUMBER  OF  NODES  WITH  RESTRAINTS  « ,12) 
WRIT£(5,516)NN0W 

FORMAT ( 5X* 34HNUNBER  OF  NODES  WITH  MASSES  = ,121 

WRI'£(5,518)NN0F 

FORMAT (5X, 34HNUMBER  OF  NODES  WITH  FORCES  * ,12) 
HRITE(5,519)IPR0 

FORMAT (5X, 34H0ISPLACEMENTS  PRINTING  INDEX  *,I2> 

WRITE ( 5,517) I PR HP 

FORMAT (5X.34HM0M, AXIAL  L, SHEAR  PRINTING  INDEX  = ,I2) 
HRITE(5,520)E,EMOO(NUNIT)  , 

FORMAT  (5X,34HM00ULUS  OF  ELASTICITY  = ,F1Z'. C , IX , A4) 

IF ( YF  ACT) 5,5,6 
YF  ACT  = • 05 
WRITE (5,521) YFACT 

FORMAT  <5X,46HPERCENTAGE  OF  ELASTIC  STIFFNESS  AFTER  YIELD  = ,F6.3) 
DO  10  1*1, NNOOE 

READ  NOOAL  COORDINATES  CARDS  - CARD  TYPE  3 

READ (2,S25)NT,XT ,YT 
X (NT ) =XT 
Y (NT) =YT 


10  CONTINUE 

WRITE ( 5,530) 

530  FORMAT  1 1H0 , 8X , 31H  **»  NODAL  COORDINATE  TABLE  ***) 
WRITEI5,532)UNIT (NUNIT)  ,UNIT (NUNIT) 

532  FORMAT  (1H0,3X  , 4HN00E  * 13X,1HX,14X,1HY,/,  19X  , A4, 1*.  X , A4/ ) 

600  FORMAT  IlH  ) 

WRITE  15, 534) (I, X(I I ,Y (I) ,1=1, NNOOE) 

534  FORMATdH  ,4X,I3,?F15.2) 

DO  15  1=1, NNOOE 
NRX1( I ) =0 
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2^«V3ij3Wf*r»  r.^i?i!^j » 4 »■  jiP.  -t  > • .^vv^vjffTT- 


READ 

NRX2(I) «0 
NRX3(I)«0 
15  CONTINUE 

DO  20  K*l»NNOR 

C READ  NODAL  RESTRAINTS  CAROS  - CARO  TYPE  4 

R£A0<2,535)NT,NT1.NT2,NT3 
NRXKNTMNTl 
NRX2(NT)*NT2 
NRX3INTMNT3 
20  CONTINUE 
525  FORMAT (I10*2F10*C) 

535  FORMAT ( <*110 ) 

WRITE (5*540 ) 

540  FORMAT  1 1HO»10X»27H***NOOAL  RESTRAINT  TABLE***) 

WRITEC5.545) 

545  FORMAT  < 1H0  » 3X  » 4HN0DE«7  X «1HX*9X*1HY*4X  * 8HR0T  AT I ON I 
WRITE(5,550MI,NRX11I>  ,NRX2CI)  ,NRX3(I>  ,I*l*NNOOE> 

WRITE (5 • 600 ) 

550  FORMAT (3X«I4*5X«I4,6X*I4*6X*I4) 

IFINJNIT . EQ.2) GO  TO  551 
WRITE(5»556) 

GO  TO  557 

556  FORMAT(1HO*1QX,30N****I NPUT  NODAL  NASS  TABLE****) 

551  WRITE (5*  555) 

557  WRITE(5,560)\t'JWG<NUNIT)  «UNWG(Ni)NIT) 

560  FORNftTflHO,3X,4HNOOc,13X,2HMX,l3X,2HMV,/,  20X, An, 1 IX, A4/> 

555  FORMATI1M0.10X,30M***INPUT  NODAL  WEIGHT  TABLE***) 

DO  25  K=1*NNOOE 
WX(K) *0.0 
WYIX)=0.Q 
25  CONTINUE 

DO  30  K=l*NNOW 

C READ  NODAL  HASS  CAROS  - CARO  TYPE  5 

C „**».M..*MMM*«**»”****»»*»***»*«..*».MMM»MM»***MO. 

READ (2« 525 )NT*T1«T2 
WX(NT) »T1 
WYf NT  > *T2 

WRITE C5*565) NT  *T1*T2 
30  CONTINUE 

565. FORMAT  <4X , 13,  3X , 2F15 . 2 ) 

WRITE ( 5*570 ) 

570  FORMAU1HQ,  9X*  19H** ’ELEMENT  TABLE***) 

WRITE (5*575) ( BUNIT (NUNIT  * N) ,M* 1 . J) * BUNI T (NUNI T, 3) ,BUN IT { NUNIT * 4) * 

1 BUNIT(NUNIT*4) 

575  FORMAT(1HO,3X,4HELEM,4X,EHJA,4X,2MJB,2X,8HPIN  CODE, “X,4H AREA, ilX, 
12H  I*15X*3HHMA»12X»3HHN3*13X* 2HPP»12X  » 2HPU  */, 

2 36a,A7,7X*A7«9X«AB,8X*A8, 
38 X , A5 , 1 OX  , A 5) 

WRITE(5,b00) 

DO  35  M*1,NMEM 

C READ  ELEMENT  CAROS  - CARO  TYPE  6 

C *,******** *******V**** ******************************  ************* 


READ 

R£AO(2,580IIBT, JAT, J0T, MPAT.MPBT, AT, TI , THY A,  THYB, TPY.TPCR 

JAdBTt- JAT 

JS(IBT)=JBT 

HPA(IBT)«HPAT 

MPB(IBT>sHPBT 

34  AfIBT)=AT 
AI(IBT)*TI 
VMY(IST,i) *TMYA 
YNV (IBT«2I sTHVB 

IF(TMY8.EQ.0,QI  YHY ( I BT , 2) =TMY A 

PY(IBT)*TPY 

PCRY  C IBT ) = TPCR 

35  CONTINUE 

580  FORMAT(3I5,3X,2U,6F10.GI 

WRITE (5,585)  (M, JAIN) , JBIM) ,HPA(M> ,HPB(M),A(MI ,AI(N) , 

1 (YNYCN.J) ,J=1,2) ,PY(H) ,PC  :Y<NI , M=1,NMEH> 

585  FORMAT  (5X,I3,3X,I3«3X,I3«‘»X<I1,4X,I1,6F15.2) 

4444444444444444444*44444444444444444444444444444444444441 

FORMATION  OF  STIFFNESS  FACTORS 


00  40  N=1,NNEN 
IFIMJNIT • EQ«2 ) GO  TO  39 
A(M)«0.0001*A(M> 
AI(M>=1.0£-Q8*AI(M> 

39  NA= JA (Ml 
NB=JB(M) 

XX=X ( MB) -X (MA ) 

YV=Y(MBI-Y(NA) 

SPAM = SORT (XX**2*YY**2) 

SN(M) *YY/SPAN 
CNl Ml aXXXSPAN 
VL(N) i SPAN 

40  CONTINUE 

REA  j DAMPING  CARD  • CARD  TYPE  7 


.’(EAO  ( 2»590)DAMP 
590  FORMAT (F1Q  «0) 

WRITE (5,595)  DAMP 

595  FORMAT  UNO, 4X, 15H0ANPING  FACTORS*  FI  0 . 5 ) 
REAO  INTEGRATION  TIME  CARD  - CARD  TYPE  6 


READ (2,6Q5)NDT,DT,NSKIP 
605  FORMATI5X, 15, F1Q. 0,110) 

OTl*NSKIP*OT 
MRITE<5, 606)01, OT1, NOT 

6C6  FORMAT ( 1H0 , 4X , 2 6HINTEGR AT  ION  TIME  INTERVALS, F 15 . 8, 26H  SEC,  PRINT  T 
II ME  INTERVALS, F15. 8, 27M  SEC,  NJMBER  OF  INCREMENTS=,I5 ) 

4 4444  4 4444  444  4 444444444  44  44444  H44  4444  44  44444404444  444444444444  4444 

REA!)  LOADING  SPECIFICATION  CARO  - CARD  TYPE  9 

4444444444  4444  4444-44  444  44  4444  4 44  4 44  4 4 444444444444  4444  444  444444  4 44  4 

REAO ( 2,610 ) NMF 
610  FORMAT (2110) 

MRITE(5,612I 

612  FORMAT i 1HC 4 ifl X , 26H***0Y NAHIC  LOA3  TABLE***) 


! 


n n n ooo  non  non 


00  60  1 = 1 , NWF 


READ 


READ  WAYEFORM  SPECIFICATION  CARD  - CARO  TYPE  10 


REAQ<2,61C»NWFT,N?TT 

WRITE(5.bl5INWFT,NPTT 

fa  1 5 FORMAT (1HC  ,4X,i8HPRESSUR£  WAVEFOkM  , I 1 , 5X , 1 3HNO . OF  P0INTS=,I3‘ 
WRITE  C5, 620 »EMOQ(NUNIT» 

62  0 F0RRAT (1H0 ,2lX , 1H» , 1 3 X , 1H T , / , 20 X , A4 , 1 1 X , 3HSEC/ » 

00  50  J=1,NPT . 

*»»»**»***♦*»»******•«**♦»»*»*»♦»»*»»♦»♦**♦»*»»<*********»***» 

RE A0  P-T  CAROS  - CARO  TYFt  11 


RtAJ(2,o25)PTEM,TTEM 
PPP  < I « J > =PT EH 

TTTtI,JI=TTEM  * 

5 C CONTINUE 

WRITE(5,b30»<PPPCI,MI,TTTCI,M»,M=l,NPTT) 

60  CONTINUE 
625  FORMAT (2F10.0) 

630  FORMAT (1CX*F1E. 2, P15«6I 
WRIT  £(5,635) 

635  FORMAT < 1H0 , 1 j x , 2 1H**  TRIBUTARY  AREAS  **> 

WRITE«5,6<*C»AJNIT(NUNIT»  « AUNIT  ( tf'JNIT  ) 

6*rC  FORMAT  ( 1HC  , 3X  , I.HNDOE  , 1 2 X , 2HAX,  SX,2HID  , 1 2X , 2H A Y , 6X , 2HI D , / , 

1 18X.A7.1SX, A7) 

WRIT  £ ( 5, 60  C > 

N3=3*NNOL'E 
00  70  K= 1 » N3 
FAREA(K)=C.O 
7Z  IQF(K>=0 

DO  75  K = 1 • NNOF 

READ  TRIBUTARY  AREAS  CARDS  - CARD  TYPE  12 

READ<2,65C)NTEM,FXT,I0XT,FYT,IDYT 
WRITE (5, 6551 NTEM,FXT,IDXT,FYT,IDYT 
NXT=3*NTEM-2 
NYT=3*NTEM-1 
F AREA ( NXT I =FX  T 
FARE  A (NYT ) =FY  T 
IDF ( NXT  ) = I0XT 
IDF(NYT»=IOYT 
75  CONTINUE 

65 C FORMAT  (IlG, HO.  0,1 1C,F10.C,1 10  > 

65  5 FORM AT ( 5X, I 3, F 1 5. 2, 1 7, F 15. 2, 1 71 
IF  ( N3EAOI 76,76,77 
7b  WRITE(5*731)UNFUN(NUNITI 

READ  ELEMENT  UNIFORM  IOAOS  OIRECTION  INDICATOR  CARD  - CARO  TYPE  13 

RtA0<2,581)ISIGN,I0IR 
581  F ORMA  T ( 2 A1 ) 

IF(ISIGN.N£,NSIGN(1( ) GO  TO  71 
NMUL  T = 1 
GO  TO  72 


384 


oooooo  ooo  ooo 


RtAO 


71  IF<ISIGN.NE.NSIGNC2I (CALL  EXIT 
NMUlT=-1 

72  IFlIOIR.Nt.IxORY  <11  > GO  TO  73 
NOIR=NMULT 

GO  TO  7% 

73  IF<niR.N£.IX0RY(2)  I C ALL  EXIT 
NOIR=?*NMULT 

7U  AQI R=  NDIR 

ADIR=AOIR/ABS<AOIRI 
00  700  1=1 *NM£M 


REA 3 ELEMENT  UMFORM  STATIC  LOAJS  CAROS  - CARO  TYPE  1A 


REAS  ( 2,t»5C  IN,  WGT 
WUNlF (nI=AOIR*HGT 

IFINJNIT.EQ.l) MUNIF<NI*0. L Q 98* NUNI F (N > 

700  HRITt(5,655lN,WGT 

7 C 1 FORMAT (///1X,24HDEA0  LOAD  PLUS  LIVE  L 0 AO// , 5 X , 4MELEM , 5 X, 12MUN IFORM 
1 LOAO,/*16X,A8//) 

FORMULATION  OF  OOF 


VO 

m 

m»mm mm J 


\ "1 

m 


77  00  80  1 = 1 , NNOO E 
N = 3*I 

N0R(N-2)=NRXltI) 

NCR<N-lt=NRX2fII 
NORtNI =NRX3(II 
80  CONTINUE 
NF3  = 0 
NB3  = 3 

NDTOT  =3*NNOOE 
00  35  L=1 i NOTOT 
IN0=N0R<L> 

IF<IN0-1>  90,83,83 
90  NFS=NFS*1 
NFSOF (NFS»  =L 
GO  TO  85 
83  NBO=NBO*l 
NbOF ( NBOI =L 
85  CONTINUE 

TOTAL  NUMBERS  OF  FINAL  STATIC  0 0F  CNFSTLI,  BOUNDARY  OOFtNPOTL) 

*•*¥****»*♦¥*♦**•******«■*♦»*»»•*»»»»*»**»********•»******»»•¥* 

NOOTL  = NOD 
NFS  T L =NFS 


FORMULATE  OYNAMIC  OOF 


00  95  1=1, NNOOE 
N = J*I 

HIN-2)=MX(It 
WCN-1I=HY<I) 
MINI =0,0 
95  CONTINUE 
NIN  = 0 
NOE  = 0 


*• 
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RE  AO 

00  ICO  Ms  1 ,NF  STL 
MTEMP=NFbOF(M> 

HMT=R(NTtHP>/G<NUNin 
I F ( KMT “0  » C ) 1:5,125,113 
105  N0E=N3E»l 

NDEOF<NOE>=NFSOF<M) 

GO  TO  IOC 
110  NIN*S1N»1 

N I N 3 F ( N I N ) sNFSQF(M) 

HMASUINIsHmT 

ICC  continue 

NDETLSNOE 

NINTL=NIN 

C TOTAL  NUK  FRS  OF  INO. DYNAMIC  OOF {NINTH  ,DEPT, DYNAMIC  DOF (NOETL) 

c * 

C DETERMINE  PAGE  SKIP  PARAMETER 

NN= Is RO  ♦ IPRNP 
IFINNI22C,22C,235 

205  GO  T3(206,2121 ,NN 

206  IF(IPRO-1)2J8,237,207 

207  ICOJN=60/ (NNCDE  ♦ 31 
GO  TO  215 

208  IF|NELAS»209,2C9,210 

209  IC0JN=6G/(2*NMEN  ♦ 51 
GO  TO  215 

210  IC0JN=6w/CNMEN  ♦ 31 
GO  TO  215 

212  IF(NElAS)213,21 3, 214 

213  IC0JN=6G/<NN00E  ♦ 2*NMEN  ♦ 7) 

GO  TO  215 

214  IC0'JN  = 6G/  (NNOOE  NMEM  4» 

215  IF(IC0UNI217,217,218 

217  ICOJNsl 

218  IF(N0EAOI220, 223,216 

216  MRITE(5,23CITITLE 

230  FQRMATC1H1,29X,18A<*,/,1X,16HRESP0NSE  HISTORY/) 

220  RETURN 
ENO 


SD9R0JTINE  ZE*0(N3IG) 


C INITIAL  CONDITIONS 

C •«*»*«•»»»»»»•»***» »•»•#»»»•»••«»«»»•*»»•»* 

DIMENSION  UMAX  (30,3)  , UN  IN  t 3u  , 3 ) , T MAX  < 30  , 3 > , TM  IN  ( TO  , 3 t 
DIMENSION  R<60  > ,RO(6C  ) ,R0M6C  > . I IOL3  < 33 ,2) 

DIMENSION  SA8  ( t 5 ,6 0 ) , S AA I L 3 , 6C ) , S'JBO  ( 6!) , EC  ) 

DIMENSION  CMNP(3C,2) ,CMNtf(3C,2) , S MPP ( 3 3 , 2 1 , CMF-V  ( 3C  , 2 > . CLP“ (3C  , 2)  , 

1  CLP  V <30,2» ,CLNM<33,2) ,CLNW<30,2) 

0 IMS  NS  I G<\  CMOMP<33 ,2)  ,CMOMN<3. ,2)  .CLOAO  <30  ,2)  .TMOMPI3C  ,2)  , 
1TMOMN(30,2) ,TIMEL<30.2) 

DIMENSION  P Y<  3C  ) , SC  RV ( 3 0 ) 

DIMENSION  OU<  93), U<  DO » , VELS <5 J » ,31 SP < £C) , IDF  ( <90  > .NINJF  <63  > . 

1 ACEL (bO ) , F AREA ( 9 C ) , * N AS < 6 0 ) , PPP < 3 0 , 20 ) , TTT < 3 0 ,20 ) , 

2 IMV  A ( 33 ) ,IMY8(30)  ,IMYAT(33)  , I NY  3 T < 3 0 * , T3  A (3  C >.  100(30, 

3 EL  MF (32,6) ,0DISP(6C> 

DIMENSION  JA(3  0 • J8(3:i  ,VL<S0)  ,0N(3O  ,SN(30  • A(30>  ,AI  (30  « , 

1KPA  <3C) , MPO ( 3 5 I .NDEOF (6  0 ,SEQ(6C,b0>,S8O<6C,60>, 

2SJA(SC,6C) ,OLTD(b«,l) ,ODlTO(6u,1I «SEL< 30,6,6)  , 

3Y MY (33,2),  SSYt  90,  80),NSFOF(  9 . < «MUNIF (33) 

DIMENSION  AK(  8 1 C a ) , M AT  XI ( 90),MATX2(  90) 

DIMENSION  ILASTA(30).ILASTD(30) 

DIMENSION  TE8R(3C),TE8A(3l) 

DIMENSION  TITLE <2- ) , NRX 1 ( 30 ) , NRX2 ( 3 ; ) ,NRX3(3C ) 

DIMENSION  RMAX  ( JQ.A)  ,RMIN(JC,*»>  , T IN  ( 3C  , A)  , T.MM  ( 33  , «*> 

DIMENSION  PYMAX (30,2), PYMIN (33,21 
COMMON  NUNIT, PYMAX, PYMIN 
COMMON  ICOUN,NCOUN, TITLE 
COMMON  RMAX,RMIN,TIM,TMM,T£BA,TEP? 

COMMON  ILASTA,ILASTD,N£LAS 
COMMON  UMAX.DMIN.TMAX.TMIM 
COMMON  NSKIP,INOEXM 
COMMON  SA8,SaA,S8B0 
COMMON  R.RO.RJR.IIOLO 
COMMON  PY, IPRC, IPRM? 

COMMON  NOT,LL,NMEM,YMY,  CLOA D , 0 MOMP, CMOMN , TMOMP, T M3MN , 

ITIMEL,OMNP,CMNV,Cf*PP,CNPV,CLPM>ClP|/,CLNM,CLNV 
COMMON  NNOOE,  JA  , J9  , \l  L , CN  , 3 N , A , A I , E , MP  A,  MPO  , NINDF  , NOEDF  , 

ININTu.NOETL.ICF,  F APE  A , WMAS , I MY  AT , IM Y 8T ,PPP , T TT ,NWF , 

20T,ACEL,VEl.S,CAMP,SEQ,0ISP*U,  DU, 0 01 »P ,S8B , SB  A - 

3DLTD , ODLTD , SEL,  ELMF , I NY  A , IM VR , T BA ,T OB 

COMMON  YFACT, PCRY,SSY ,NSFOF, AK,MATXl ,MATX2 
COMMON  WUNIF,NFS,N0IR,NRV1,NRX2, NRX3 
N3=3*NN0CE 
DO  13  0 N* 1 , N3 
GO  T0(99,1CC) » N5IG 
99  D(N) =3 .0 
ICO  OU<N)=0.C 

00  20  0 N=1,NINTL 
V£LS(N)=C.C 
KK  = NI NOF ( N ) 

GO  TO ( 10 1 , 111 ) , NSI G 
1C1  OI$P<M)sO.O 
GO  TO  120 
111  0 ISP)  *!)  -U ( K<) 

12G  <=IDf (KKI 

I F ( < ) 210,210,220 


i i 
" i 


. 

) 

J 

i 
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n,  r 


o o n ooo  ooo 


ZERO 


2lC  POIF.O.O 
(.0  TO  225 
220  PDIF* PPPtK • 1 ) 

225  ACELIM^FAREAIKKI’PQIF/WMASIN) 
200  CONTINUE 

00  333  N=lvN0eTL 
CO  T3I25C.275) ,NSIG 
250  DOI SP I N) -0*0 
CO  TO  33C 
275  KK=N3EDFINf 

OOISPCNI=U(KK> 

300  CONTINUE 

00  -»30  N*1  »NMEM 


INITIALIZE  PL  A S TIC  ROTATION 


I NY  A ( N I =0 
I NY9 1 N> - 0 
T3A(N)=C.C 
T J6(N« - j.C 
INYAT (Nl=0 
IMY3T  » N » = C 
ILAST  A (N I = 2 
ILAST3  INI  = 0 


INITIALIZE  MAX  MON. AXIAL  LOAD, PLASTIC  ROTATION 


OO  15  1=1,2 
C MO M'IN, 11=0.0 
C MQMN I N , 1 1 =3.C 
CLOA3 IN»T) =3. C 
T MONP I N , 1 1 =0 • Q 
TMOMNIN, 11=0.0 
TIMEL IN.II =0.C 
CMNPIN, 11  = 0.0 
C MNV  IN»I)*G.G 
CMPPCN, 11=0.0 
C MP  tf(N,I)=0.C 
CLPM|N,H  ^i'.Q 
CLP\MN,II  = 0.Q 
C LNM  ( N,  I ) = 3 . 0 
CLNV (N,I)=0.0 
PYMAXIN.il =0.: 

PYMI M (N.II =0.3 

15  CONTINUE 

OO  15  1=1,6 
OO  16  IK= l ,6 

16  SELIN, I, IK) =0,0 

TOTAL  ELEMENT  FORCES  IN  LOCAL  3U3R3.  ELMF 


GO  T3 1 399, 400 ) ,NSIG 
399  OO  305  NK=1,6 
305  ELMFIN,NK) =0.0 
OO  306  NK  = 1 , 4 
RMAX1N.NK) =0.0 
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RHI N I N , NX) *0 • C 
T IN  I N «NK) * 0 <0 
3C6  TNNIN.NlO  *C.O 
Te.8AIN)«0.fl 
TE9BCHI  *0,0 
4 C 0 CONTINUE 

00  $23  N*1 rNINTL 
ROr.?NI*Q.O 
523  RINI  »8.3 

00  52 7 N«1 , NDETL 
527  ROINMO.O 

00  SQG  N*1«NN£N 
DO  833  1° 1 * 2 
SCO  HOLD  IN  , I ) *0 

00  SIC  N*l,NN00E 
00  813  NN*1,3 
UNAX ( N » NN) «0 • C 
UNININ, NN>«0.0 
TNAX IN,NN>"O.C 
TNININ,NNI=O.C 
810  CONTINUE 
RETURN 
ENO 


non 


SUBROUTINE  STIF 

C FORMULATION  OF  MEMBER  STIFFNESS 

DIMENSION  UMAX  (3G*3)  ,UNIN  ( 30  , 31  * TMi\X  ( 30  ,3)  ,TMIN(J0  ,3) 

OIMENSION  R(60  ) ,R0(6Q)«RDR16Q)«II OLD f 3 0 • 2 A 
DIMENSION  SBSO(6Q,60> 

DIMENSION  CMNP (30,2) , CMNV (30 , 2 ) . SMPP ( 30 . 2 ) , CNPV ( 3C ,2 > , CLPM< 3C , 2 > , 
1CLPV ( SO  ,2) , CLNM  t 3G  » 2 ) ,CLNV<30,2> 

OIMENSION  CMOMP ( 3C  « 2) ,CM0NN(3G,2) , CL  0 AO  ( 30 , 2) ,TMOMP(3C ,21 , 
lfHOMNt  30*2) , TIMELt 30,2) 

OIMENSION  PY(30),PCRY(3Q) 

OIMENSION  S£L(30*6,6) , SSY  ( 90,  90),NDEL(6)  , »L (3C » • CM 30 > , SN( 30) • 

t A 13  01  ,AI(3C> , MPA  (30)  ,MPB(30)  ,T(6,6)  ,ELM(6,6)  , C(6,fc)  ,TT  (6,6)  , 

2F£S (6,6)  , 

3UA(3G),JB(30) ,SAA(60,60) ,N0E0F(6C) ,NIN0F(6Q) ,SBA(6Q»60) . 

LSB3 (60,60) , SEQ (60,60), SABI60, 601 ,MCA ( 30 ) ,MCB (30 ) 

5,IMYA(30) ,IMYB(3C),IMYAT*30),INYBT(S0) 

OIMENSION  IDF ( 90),  F AREA ( 90 1 • UNAS (63 ) , 

1ACEL(60).VELS(6Q) ,0ISP(6C),U(  90 ) ,?PP (30,20) , TTT( 33 , 20) , 

20U(  90) ,ODISP( 50), OLTO( 60,1), 03LT 0(60,1 ),ELHF (?0,6), YMY(3C, 2)  , 
3TBB(30)«?BA(3C) 

DIMENSION  AK ( 810u),MATXl(  90),MATX2(  90) 
blMENSION  HUNIF ( 30>,NSF0F(  90» , NRX 1 ( 3 0) , NRX2 ( 30 ) , NRX3 (30 ) 

DIMENSION  ILASTA(30) ,ILAST9(30) 

OIMENSION  TEBB(30) ,TEBA(3C) 

OIMENSION  RMAX  (30,6)  ,RMIN(30  ,(,)  ,TIM(3L  ,4)  ,TMM(33,o> 

OIMENSION  TITLE(20) 

OIMENSION  PYMAX (30,2) ,PYMIN(30,2) 

COMMON  NUN1T, PYMAX, PYMIN 
COMMON  ICOUN.NCOUN, TITLE 
COMMON  RNAX,RMIN,TIM,TMM,TEBA,T£BB 
COMMON  ILASTA,ILASTB,NELAS 
COMMON  UMAX,UMIN,TMAX,TMIN 
COMMON  N’SKIP,  INOEXU 
COMMON  SAB,SAA,SBBO 
COMMON  R,RO,ROR,IIOLO 
COMMON  PV, IPRD, IPRMP 

COMMON  NOT ,LL , NMEM, YM Y,  CLOAO , CMOMP, CMOMN, TMOMP, THONN , 

1TIMEL,CMNP,CMNY ,CMPP,CNPV ,CL PM, CLPY, CLNM, CUNY 
COMMON  NNOOE,  JA,JB«VL,CN,SN,A,AI,E , MP A, MPB , NINOF , NOE OF , 

1NINTL,NOETL,IOF,  FAREA,UMAS,IMYAT,IMYBT,PPP,TTT,NUF, 

20T, ACEL.VELS, DAMP, SEQ, OISP.U,  OU, DDISP ,S8B ,SB A , 

30LT  O , OOLTO , SEL,  ELMF,  I MY A, I MV 8, T BA ,T B9 

COMMON  YFACT,»CRY,SSY,NSF0F,AK,MATX1 ,MATX2 
COMMON  UUNIc,NFS,NOIR ,NRX1 ,NRX2, NRX3 , NLNOOE 
NOT OT* 3* NNOOE 
IF(tL-l)  5,5,27 
5 OO  25  1*1, NMEM 
IMT A ( I ) *0 
IMV  B ( I ) *0 
MCA (I) *MPA (I) 

25  MCB(I)*MPB(I) 

**••**•••**, «***•*•****•*,***♦**•, ,»***, 
INITIALISATION 

••,*,**♦«**»»,**(?**»»*•*•*****♦»*»••»**,*****,**»••»•••***,,*****• 

27  OO  710  -1*1  ,NDTOT 
OO  710  K*l,NDTOT 
710  SSY  ( J,K) *0,0 
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\ -r 


# 


STIF 

00  30  I«1,NMEH 
SNA*SNd> 

CNA«CKd» 

IFtLL-l)4Q0,4C0«410 
*>10  IFdlASTAdl-INYATd)  *9,6,9 
6 IFdlASTBd)  - INYBT  d ) 9 9.615 1 9 
9 00  19  J*l,6 
00  10  K*l,6 
10  SCI d.J.K) *0.0 

c .,»»»•*»»»»»*»»»»»»»»•»»•« 

C FORMULATE  F.LEHENT  STIFFNESS  MATRIX 

IHVAdMIHYATdt 
ItlYB ID* IHYBT  (I) 

IF  (HPAd) -1)4^0,435,435 
435  HCA d > *1 
GO  TO  4»0 

430  MCAl I > * IMY  A (I > 

440  IFIHPBCn-ll445.450.450 
450  HCBd)  >1 
GO  TO  400 

445  HC8d)*INV8«) 

400  SPAN*VLd> 

AREA* A(I I 
VI3«AId> 

EE*  AREA*E/SPAN 
EIL«E*YI3/SPAN 
AA*4.0*EIL 
BB*2. 0*£IL 
CC*b. Q*£IL/SPAN 
00*2. 0*CC/SPAN 
FF«3.0*EIL 
GG*C5/2.0 
HH* 00/4.0 

IF(NCAdl-l)  35.40.40 
35  IF CHGB d I -II  45.50.50 
45  Sl*t£ 

S2*CC 
S3*0P 
S4*  A A 
Si*CC 
SM8B 
S7*AA 
GO  TO  70 

50  IFIHP8dl-l>51. 52,51 
52  CP*0.0 

CO* 1.0 

CALti. 0 

GO  TO  54 

51  CP*YF  ACT 
C0«1.0-YFACT 
CAL«YFACT 

54  Sl*CAl*EE 

S2»CP*CC4CQ*GG 

S3»CP*00*Ca*HH 

S4«3P*AA*CQ*FF 


t 
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s&«cp*cc 

S6«cp*aa 

S7*CP*AA 
CO  TO  TO 

1,0  IF(HC8(II-H  55,60*60 

55  IF(HPA(II-H56, 57*56 
57  CP*0.0 

CQ«1.3 
CAL *1*0 
CO  TO  SS 

56  CMYFACT 
CQ* 1*  0 “YF ACT 
CAL*YFACT 

56  S1*CAL*EE 
S2*CP*CC 

S3*CP*00»CQ*HM 

$l**3P*AA 

S5»GP*CC*CQ*GG 

s6«cp*bb 

S7«CP*AA*CQ*FF 

GO  TO  70 

60  IFINPA (II •1161*62*61 

62  IF(H>BUl-t»  65*63*65 

63  CP«0.C 
CQag.O 
CAL*t.O 
GO  TO  6*» 

bl  IF(NPB(II“ll69, 68*68 

66  CP=0.0 
CQ* YF  ACT 
CAL»YFACT 
GO  TO  5-* 

69  CP*  YF  ACT 

CQ* X, 0*YFACT 
C AL*  Y F ACT 
GO  TO  6«* 
o5  CP*0.0 
CO*YF ACT 
CAL*YFACT 
GO  TO  58 

6*  Si*C»L*EE 
S2=0P*CC 
S3=  CP’OO 
S**SCP*  AA 
S5»CP»CC 
S6*cp*aa 
S7=CP*AA 
7 C SEL  11.1*11*51 
SEL (I,1»6I*“SI 
SEL (I*2*2> »S3 
SEL (1*2*31 *S2 
SEL (1*2*51 *-S3 
SEL (I *2*61 *35 
SEL (1*3,21 *S2 
SEL ( I * 3 *31 ®S6 


SEL  ( I 
SEL<I 
SEL  < I 
SEL  i I 
SEL  ( I 
SELTI 
SEL  (I 
SEL  (I 
SEL  ( I 
SEL  (I 
SEL  (I 
SEL  ( I 


,3,5) 

,3,61 

,4,1) 

,4,U 

,5,2) 

,5,3) 

,5,5) 

,5,6) 

,6,2) 

,6,3) 

,6,5) 

,6,6) 


FORMULATE  TRANSFORMATION  MATRIX  TO  ORIENTATE  ELEMENT  STIFFNESS 
WITH  RESPECT  TO  GLOBAL  COORDINATE  SYSTEM 


615  CALL  TRANStCNA.SNA.T) 

00  83  K=l,6 
DO  80  L = 1 * 6 
80  TT(K»L)=T(L*K) 

00  93  K=l,6 
00  93  L=l,6 
9 G ELM(K,L)=S£I.  (I,K,L) 

00  553  K=l,6 
00  550  L -1 , b 
C (K«  L) =0 .0 
00  553  M = 1 , 6 

55  0 CCK,LI=CTK,L) « TT « K, M » *ELH <M, L > 
00  563  K= 1 , 6 
Ob  560  L-1,6 
F£S<K,U=fl.O 
00  560  M= 1 , 6 

560  F£SCK,LI=FES<K,LI+C<K,MI*T(M,L) 
NA=JA(I> 


N 3- J3 ( I ) 
NOEL  (1) 
NOEL  < 2 ) 
N0ELC3I 
N0cL(4) 
NOEL  i 5) 
NOEL ( 6 1 


=3*NA-2 

=3*NA-1 

-3*NA 

=3*NB-2 

=3*NB-1 

= 3*NB 


FES  ARE  ELEMENT  STIFFNESS  IN  GLOBAL  SYSTEM 
BUILD  SYSTEM  STIFFNESS  MATRIX 


00  103  L = 1 , 6 
NN=  NOEL  <L ) 

00  100  K-l,b 

MM=N3EL <K» 

1„C  SSY (NS,MM)*SSY (NN,MM) fFESIL,K) 
30  CONTINUE 


PARTITION  SYSTEM  STIFFNESS  MATRIX  AND  FORMULATE  INOEPENOENT 
STIFFNF  ;$  MATRIX 


IFILI.  5 55,555,115 
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STIF 


115  00  110  K=l, NINTL 
NN*NINOFCIO 
00  120  L=1*NINTL 
HM=NIN0F  <L ) 

12C  $AA<K,L>  =SSYCNN,NMt 
00  125  L=l, NOETL 
NM=N3E0FCL) 

125  SA3<K,L»=SSY(NN,HH> 

11.0  CONTINUE 

00  130  K=l, NOETL 
NN=NOSOF  < K) 

00  135  L=l, NINTL 
MM=  NINOF (L ) 

135  S8A<K,L/=SSY(NN,NN) 

00  140  L= 1 *NDETL 

mm=noeof<l» 

S89K*LI-SSYCNN,MM) 

140  S830<K,L>=SBBIK,L» 

130  CONTINUE 

CONS  = S 33 ( 1 , 1 ) 

DO  145  1=1,  NOETL 
K=N0ETL*<I-1>  *-1 
L=NOETL*I 
N = 0 

00  145  J = K,L 
M=N»1 

1*»5  AK( J»=S3B!I,H!/C0NS 

**♦♦*»**»»**»,*»*** 

CALL  SUBROUTINE  MINI/  TO  INVERT  MATRIX  S08 
*»*♦***■•***•=■***•**•*•*•»****•»•*••*♦**** 
CALL  MINV(AK»h0ETL*DETR*MATXl,NATX2l 
no  1 »6  1=1, NOETL 
K=NOETL*  € I — 1 > *1 
L=I*N0£TL 
M = Q 

00  146  J=K,L 
M=MH 

1*»6  SaO<I,M)=AKCJ»/CONS 


HERE  S3B  IS  INVERSE  OF  ORIGINAL  SBB 


DO  503  <=1, NINTL 
00  500  L=l, NOETL 
SEQ(X,LI=Q.O 
00  500  LK=1, NOETL 

500  SEQIK.LI  =SEQ<K,L>  ♦SAB<K,LK)*SBB(LK,L> 

00  505  K=l, NINTL 
00  505  L=l, NINTL 
SSY <K,LI=0 .0 
00  505  LK=1, NOETL 

505  SS V ( K, L ) =SSY (K,L>  ♦ SEQ(K,LKI*SBA(LK«L) 

00  513  K«l, NINTL 
00  510  L=l, NINTL 

510  SEQ(K,L»=SAA<K,L»-SSY <K,L> 

c 

C HERE  S£Q=CSAA)-(SAB»MINV  SBB»*<SBA> 
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SUBROUTINE  PLOA9ISSY,  NSFOF  , NFS  ,SN,  CN  , VI.  .,  NO  IR,  HUN*  * NMEM,  JA  , v>  3, 

t ELNF,NNOOE,OEL,U,SEL,AK,MATX1,MATX2,HPA,MP3,NLNOOE,TITLE,NCOUN, 

1 T£B8,TEBA,IC0UN,NUNIT) 

*****»*****^** •*********»*******'******•**********»**•****•* *#v** 

STATIC  ANALYSIS  ROUTINE 


DIMENSION  TITLE  (2C ) 

DIMENSION  SSM  90,  90),  NSFDFC  9Q)«SN(3Q) »CN ( 30 ) *VL(30I« 

1 JA(33) ,JB(30 ) , HUNIF ( 3 3 ) «T (6»b) , DEL ( 90) ,P(6) ,£LHF(3C ,6) , TT (6,6) , 

2 SEL (30,6,6), U(  90) 

DIMENSION  AK ( 8 10  0 > , M AT  X 1 ( 90>,MATX2<  90) 

DIMENSION  MPA ( 33 ) , MPB ( 3 3) , TtBQ ( 6C ) , T E3A ( 30 ) 

DIMENSION  FUN IT (2,2)«XLUNIT(2)»FMUNIT (2,2) 

OATA  XLUNIT/4H(MM),*»H(IN)/ 

OATA  FMUNIT/5H(KNS)  ,5H(LBS),8H  (KN-N)  , 8H  ILB-IN)/ 

OATA  rUNI T /5H  ( KG ) » 5H  (L-3S  ) * 8H  (<N-M)  ,8H  (LB-IN)/ 

AOIRsNDIR 
AD=A33 ( AOIR) 

LCIR=AJ 

NOIF=3*NNOOE-NFS 


COMPJTE  FIXED  ENOEO  REACTIONS  FOR  UNIFORM  LOADS  ON  ELEMENTS 


OO  500  1=1 ,NMEM 
lF(WJNIF(I))b,4,b 

4 DO  5 K=l,b 

5 ELMF CIeK)  = C,0 
GO  TO  32 

b GO  T0(10,20l ,LDIR 

io  px=  cn<i>*wun:fci) 

RXM=-HUNIF(1)*SN(I> 

GO  TO  30 

20  PX=  SN(I)*WUNIF(I> 

RXH=WUNIF (I)*CN(I) 

30  PY=SQRT ( CHUHIf (11**2)- (PX**2)T 
XX=-SN(I> 

YY=CN(I) 

RXY=CN(I)*YY-5N(I)*XX 

RXY3RXM=RXY*RXW 

ELMK(I,1)=-.5*PX*VL(I) 

ELMF(I,4)=-.5*PX*VL(I) 

IF(RXY0RXWI15, 13,15 

13  OO  14  K=2 , 3 
ELMFU.K)  =0.0 

14  ELMF (I,K*3)=0,0 
GO  TO  32 

15  AV=AB3 (RXYORXW) 

OIRsRXYURXH/AY 
KK=MPA ( 1 1 *MPQ  ( I ) 

IF(KK >31,31, 26 

26  GO  T0(21,31),KK 

21  IF(MPA(I))25,25,2L 

24  ELMF(I,2)=-3.C*PY*VL(I1 *DIR/8.0 
ELMF(I,3) =0.0 

ELMF(I,5)=  ”5.0*PY*VL(I)*DIR/8.3 
ELMF(I,b)=l«0*DIR*PY*(\/L(I)**2,3)/6.0 
GO  T3  32 
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25  ELMF (1*2)-  -5.0*PY*tfLCI)*UIR/6.3 

ELMFCI,3I=-1.C*0IR*PY*CVLCI)  **2.0>/6.G 
ELMFCI,5)  = -3.C*PY*VLm*0IR/6.3 
ELMF CI,b)=C.Q 
GO  ro  32 

31  ELNFCI,2)='.5*PY*VL  € I » * □ I K: 

ELMFCI.5) =-.5*PY*YLCI)*aiR 
IFCKK) 33,33,34 

3 3 ELNFCI,3)=-aiR*PY*  CVL Cl) **21/12.; 

ELMF C 1,6 )=  UIR*°Y*CVLCI!**2)/12,D 
GO  TO  32 

34  ELMF C I , 3) =C  . 0 
ELMFCI,t>)  = a.G 

32  CNA=CNCI) 

SNA=SNCI) 


CALL  SUBROUTINE  TRANS  TO  TRANSFORM  FIXED  ENO  ELEMENT  REACTIONS 
TO  GLOBAL  SYSTEM 


CALL  TRANSCCNA'SNA'T) 

00  2S  JS1 « 6 
00  26  K-l  1 6 
26  TT(J.K)=TCK,J) 

DO  29  J = l,6 

PC J) = c.o 

00  29  K = l,6 

29  PCJ)=»CJ)  »TTCJ,K)*ELMFCI,K) 

oo  is;  <=i « 3 
NQ0F*3*JACI>-3  *K 
00  53  Jsl.NFS 
IFCNDOF-NSFOFCJI 150,35,50 
35  UCJ) =JCJ)-PCK) 

GU  TO  100 
50  CONTINUE 
ICO  CONTINUE 

00  230  <=L,6 
NDOF=3*JBCI)-6*K 
00  15T  J=1.NFS 

IFCNDOF-NSFDF C J) ) 150,135,150 
135  UCJ)*UCJ)-PCK) 

GO  TO  20C 
150  CONTINUE 
200  CONTINUE 
500  CONTINUE 

IFCNLNOOE) 260,760,710 

71 C WRIT E C5, 9999) FUN  IT C NUNIT , 1) , C FUNI T C NUNI T , J) , J = 1 , 2 ) 
00  750  1= 1 ,NL NODE 


READ  NODAL  POINTS  STATIC  LOADS  CAROS  - CARD  TYPE  15 


REA0C2, 100001  JT.CDELCJ)  ,J*1,3> 
WRITE C5, 10 001 » JT, COEL C J I , J»l , 3) 
IFCNUNIT.EQ.2)GO  TO  714 
00  713  J*l,3 

713  OELCJ)*O.OG98*DELCJ> 


397 


PLOAD 

C COMPLET i ASSEMBLY  OF  STATIC  FORCE  MATRIX 

7U  00  725  J=  1 « 3 

NOOF  = 3 * <JI-1> *J 
00  72C  K=1,NFS 

IF(NCOF-NSFDF<KI 1720,715,720 
715  UKI=UOO  ♦ QELUI 
GO  TO  725 
72 C CONTINUE 
725  CONTINUE 
750  CONTINUE 

9999  FORMAT (1H  , 2 Jx , 24HST AT  I C LOAOS-JOINT  LO AOS , U 3X , 4HN00E • 1 7X, 2MF X , 1 8 
lX,2-tPY,18X,2HN7,/,23X,  A5 , 15X  , A5 , 1 3X , A6/» 
ltCCC  FORMAT  (IU  , 3F1C  .C  ) 

IOC  01  FORMA  TUX,  1 2, 1LX , El  0 . 3 , 10X  ,E  1 J . 3 , 10  X , E10.3) 

76C  00  1001  1=1, NFS 
KK=  NSFOF 1 1 1 
K=NF5*<I-1»  *1 
L=I*NFS 
M = 0 

00  1031  J=K,L 
M = MU 

LL  = NSF OF  < M) 

10C1  A K( J I * SSY  < KK  , LL I 
CONS=AKll> 

MM=NFS**2 
00  1002  1=1, MM 
1002  AK<I»=AK(I»/CONS 

c ***** 

C CALL  SUBROUTINE  MINV  TO  INVERT  SYSTEM  STIFFNESS  MATRIX 

C 

CALL  MINV(AK,NFS,0ETR,MATXl,MATX2) 

00  1C  S3  1 = 1, NFS 
K=NFSMI-1>  *1 
L=I*NFS 
M = 0 

CO  1033  J = K,  L 
M = M ♦ 1 

10  0 3 SSY ( I , M>  = AKC J ) 7CONS 

C COMMUTE  NOOAL  DISPLACEMENTS 

DO  2000  1=1, NFS 
OtL<I>  =3.0 
00  2000  J = 1 » NFS 

2000  OELU* =0EL ( I > »SS Y 1 l , J ) * U « J) 

NQOOF  = 3*NNOOE 
00  2100  1 = 1 * NQOOF 
2100  UIIMO.O 

00  2233  1=1, NFS 
K = NSr  OF  ( I > 

223  C U(KI»DEL(I) 

C COMPUTE  ELEMENT  ENO  LOADS  AND  ROTATIONS 

c 

00  3C00  I=1,NMEM 
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o o o o o o 


CNA=ON(I> 

SNA-SN(I) 


PLOAO 


CALL  5U8R0UTINE  TRANS  TO  TRANSFORM  ELEMENT  LOADS  TO  LOCAL  SYSTEM 

CALL  TRANS(CNA,SNA,T) 

DO  23  0 0 K=i  ,3 

2 3CC  NSF0R(K)=3*JA(I)-3  »K 
00  2*»0 C K=  4,6 
2<..C  NSFDF  (K)=3*J0(I)-6*K 
DO  25C3  K=l,6 
N=NSFDF (K) 

2500  P(K)=U(N) 

DO  260  0 K=  1, 6 
AK  (0=0.0 
00  2600  J- 1 . 6 

26  0 0 AK(K)=  AK  (K)  ♦ T(K,JI*P(JI 
DO  2700  K= 1 * 6 
00  27  0 C J=l,6 

2700  ELMF(I,K)=ELMF(I,K>  *SEL ( I , K, J > * A K< J) 

IF(AK(3) ) 27G1, 2702,2701 

2701  T£3*(I)=(  AK ( 3 ) ■ < ( AK<5»-  AK (2 II / VL (I  III  * 5 7. 295 77951 

2702  IF(AK (61 >2703.3000. 2703 

27C3  TE88 ( I ) = ( A<(6)-(<  AK(5>  - A.K  (2  It /VL  < I HI  * 57 . 29  57795 1 
3000  CONTINUE 

PRINT  NODAL  DISPLACEMENTS  ANO  ELEMENT  END  LOADS 


WRITE (5.4999) TITLE 
-999  FORMAT(HU,20X,20A4) 

NC0 JN  = 1 
WRITE (5.5000) 

5000  F ORNA  T ( / , 1C  X , ..9H0EA0  ANC  LIVE  LOAD  DISPLACEMENTS  AND  MEMBER  LOAD 

IS//) 

WRITE (5,615) XLUNIT (NUMIT) , XLUNI T ( NUNI T > 

DO  .000  1= 1 .NNOOE 
K=3*I-2 
L = 3*  I 

ROT=57.29577951*U(l) 

L = L-1 
U01= J (K) 

U02=U(L) 

IF(NJNIT.EQ.2)GO  TO  <.031 
U01=1000. j*U01 
U02  = l j 00 • 0*UO2 

O00G  WRITE (5,5500) I.U01.U02.R0T 
55. C FORMAT (8X,I2,3(3X.E12.4l) 

615  FORMAT (1H  , 5X , 4HNOOE , 8X , 7HX-DI SPL , 8 X , 7H Y- DI SPL , 7 X , AHROTA T ION, 
1/.19X, A4,11X,A4,10X,5H(OEG») 

WRITE (5,61b)FMUNIT (NUNIT, 1)  , (FMJNIT ( NUNIT , J) , J=l,2), 

1 FMUNIT(NUNIT.l) , ( FMUNI T (NUNI T , J } ,J=1 ,2) 

616  FORMAT  CIH;  , 5X  , <,HtlEM , 1 0 X , EHP A , 1 3X  , 2M VA  , 1 3X  , 2HM  A , 1 3 X,  2HP8 , 1 3X , 2H  VR  , 
113X,2HM3,/,18X,A5,10X,A5,9X,A8,3X,A5,10X,A5,9X,A8) 

DO  630  N=i , NMEH 

630  WRITE (5, 640 )N, (ELNF(N.M) ,M=l,b) 

640  FORMAT (8X,I2,6(3X,E12.4>) 
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6000  FORNAT  (1X«1QE12<*») 

9000  FORNAT (1016) 

IF(NCOUN-ICOUN) 9001* 6999. 8999 

8999  WRITE (5,4999) TITLE 
NCOUN*0 

9001  MRITE(Sf90S0) 

9090  FORNAT (/1X,16HRESP0MSE  HISTORY/) 
RETURN 
ENO 
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SUBROUTINE  JVOIS 

OIM  NSION  UMAX (30,3) ,UMIN(3c»3l  ,TM\X(3Q>3) ,TMIN(3Q,3) 

QIME'ISION  R(6C)  ,RD(60)  , RDF.  tfeO  ) , I IOLO  (30,2) 

OIHtNS ION  SA3 (60 ,601  ,3AA(fcfl ,60 ,S3B0 (60,60) 

QIMENSI ON  CNNP  ( 3C  »£  ) ,CNNV(3C ,2) ,3MPP(3u,2) ,CMPV(3l,Z) ,CL»M( 30 , 2 ) , 
' ClPV  (30*2)  'Cl.  Nil  (3  0,2)  » CLN V ( 30,2) 

DIMENS ION  CMONP  < 3 C , 2 1 , C MOMN ( 3Q , 2 ) , CL 0 AO ( 3C , 2) ,TMOMP(3C,2) , 
1T;10MN<30,2)  ,TI.IEL(30.2) 

DIMENSION  PY(3C) ,PCRY<30) 

DIMENSION  AA(60) ,8B(60) ,PtF<60,l>,NINOF{6C),IOF(  33), 

.IF  AREA  < 9.. ) , WM AS ( 6l  ) , SEQC6i,60>,  AC£L(6C), 

2VELS(63),C(  SO,  9u ) , PPP C3C » 20 > , TTT < 3C  ,2C ) , 

■JOLT  3 (63,1)  ,593(60,60)  ,S3A(60,63)  , OD  ISP  1 60)  , 

, 9DITD(6Q,1) ,U(  90), OLM  90 ) , DISP (6C ) , NOcOF (60 ) 

DIMENSION  JA(3G),JB(32)'VL(30),CN(3J),SN(30)?A(JO)'AI(30), 

1MPA  ( 30  ) ,MP6(3:)  , IM  Y AT  (30)  ,IMYaT«30),StU30,6,fc), 
26LMF(30,6),YMY(3Q,2),IMYA(30),IMYt)(3C),TQA(3C);TBQ(3C), 

SNSFOM  90) 

OIMEN3ION  A<(  8 ICC ) .MAT  Xl ( 9C),MATX2(  90) 

DIMENSION  ILASTAI30) .ILAST9130) 

DIMENSION  TEB3(3u) ,TEBA(3I) 

DIMENSION  TITLE (20) , PP ( 3 u ) , NST A ( 3 C ) 

01  ME  NS  ION  RMAX  (30  ,•♦)  , RMIN(3G  . ■»)  ,TIM(3C  ,<*>  , TMM  ( 3 3 , »)  , UU  (3  ) 
DIMENSION  OUNI T ( 2 ) 

DIMENSION  PYM4X(30,2) ,PYMIN(3C,2) 

COMMON  NUNIT,PYMAX,PYMIN 

COMMON  ICOUN.NCOUN, TITLE 

COMMON  RMAX.RMlN, T I M , T MM, T E B A , T E 09 

COMMON  ILASTA, ILASTa.NcLAS 

COMMON  UMAX.UMIN.TMAX.TMIN 

COMMON  NSKIP, INOfcXW 

COMMON  SAB.SAA.SBBO 

COMMON  R, RQ, ROR,  HOLD 

COMMON  PY,IPRJ,IPRMP 

COMMON  NOT,LL,N.MEM,YMY,  CLO  AD  ,CM0MP,  CMOMN  , TMOMP,  TMOMN  , 

ITIMEL  ,CMNP,CMNV'CMPP,CMPW,CLPM,  CL  P V , C LNM,  CLN  V 
COMMON  NNODE,  JA , J9 , VL ,CN, SN , A, A I ,E ,MP A , MF 8.NIN0F . NOEDF , 

lNINTL.NUETL.IOf , FARE  A, WMA$ , I MYAT , I MYBT ,PPP ,TTT ,NrfF, 

2OT,ACEL,VELS,0AMP,SEQ.OISP,U,  DU.DDISP,SDt),SBA, 

30LT0, OOLTO,  StL,  ELMF,  IMY A , I M YB , T 9A ,T QB 

COMMON  YFACT,PCRY,C  , N SF OF , AK . HA T XI , MAT X2 
OATA  DUNIT/aMMM)  ,WH(IN)/ 


INITIALIZATION 


IF(LL-1)90,9Q,99 
90  DO  95  N = 1 » NRF 
95  NST  A ( N I =1 
99  T IME*LL*OT 
C2=3T/2.Q 
C3=6./OT 
C<»=3  « ZOT 
C5*C3/OT 
C6=4.0/OT 
DO  233  N=I,NINTL 

A A ( N) sOT*VELS(N)  ♦ ( OT** 2. C ) * ACEL ( N) Z3 . 0 
BB(N) - VELS(N)MC2»ACELIN) 
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a;c  pef<n,i)*o.3 

00  20  5 N*1,NIN  . i. 

DO  205  J=1,NINTL 

P£F (N,1)«PEF|N,1)-SEQIN,J)*AAIJ) 
205  CONTINUE 


DYOIS 


110 


CALCULATION  OF  EFFECTIVE  INCREMENTAL  LOAD 

00  100  N= 1 « NHF 
L*NSY  A IN) 

L=L»1 

OOT*TTTIN,L)-TTTIN,L-1) 

OOP*PPPIN,L)-PPPtN,L-l) 

IFIODT) 110,110, 120 
120  SLOPEsOOP/OOT 

IFITTT IN»L)-TINC) 110,125,125 
125  PPIN) sPPPIN,L-ll  ♦ <TINE-TTTIN,l-1))*SLOPE 
NST  A I N ) =L -1 
100  CONTINUE 

00  250  N*1 tNlNTL 

KK=NINOFIN) 

k=iufik<» 

IF  IK)  210,210,220 
210  PDIF=C.O 
GO  TO  225 
22C  POIF*PP|K) 

225  PtF(N,l)-PEFIN,l)  »F ARE A ( KK) *P3 IF  -R I N) -D ANP» HHAS I N> * B9I N V »ROR I N) 


250  CONTINUE 


CAI  CULATION  OF  EFFECTIVE  INCREMENTAL  STIFFNESS 


00  350  N-i ,NINTL 
90  350  NN=1,NTNTL 
CIN,NN1=0.0 
IF!  ■I«NN)360, 370,350 
370  NT*MHAS|NN) 

CO  TO  38C 
350  IT=0.0 

3b0  C?N,NN)=(OT**2.0l*SEQIN,NNJ/fr.; 
35C  CONTINUE 


♦ WT*  <1,0  MOAMP*QT/2.  0>> 


CALCULATION  of  incremental  displacement 

• **t*tM'.**«*v»****-  t «**>»♦*♦*********•**, 


CON'S  011,1) 

00  376  1-1 ,NI MTL 
K=NI NTL* I I -1 ) <1 
L=I»NINTL 
' = 0 

UO  376  J=K,L 
M=M»1 

376  AK(J) - C 1 1 , M) /CONS 


INVERT  EFFECTIVE  INCREMENTAL  STIFFNESS  MATRIX 


CALL  MINVIAK,NINTL,QETR,M6TX1,MATX?) 
00  377  1=1  NINTL 
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-J 


o o n o o o oooo 


OfOIS 


K=NINTL*<I-1»  *1 

L*I*NINTL 

n*3 

00  377  J»K*L 
M«N*1 

377  C<I.N>=AK<J»/C0NS 
00  55C  I=1.NINTL 
ACEL ( I > *C  .0 
00  550  J = 1 * Nl NTL 

550  ACEKI)  =ACELUI  C ( I,  JJ  *PEF  ti , 1 » 

#»***»*»•»*»»»*»****♦*•«*»***'►»»••»•*»**»»»*»»•*♦•***•♦****»*** 

CALCULATION  OF  ACCELERATION , V ELLOC ITT  AND  OISPL ACE1ENT  FOR  IND. 
DYNAMIC  OOF. 


00  553  I*l,NOETL 
00  560  J«1,.NINTL 
C(I« J>*L.C 
00  560  N=l«NOETL 

560  CCI.J»*CII*J»*S98(I,N»*S8A<N,JI 
DC  *0  3 N*1 » NI NTL 
VELS(M) = BO (N) *ot*acel  jnj/e.o 
DLTDCN,U=AAIN)  *■  tOT»*2.C  )*ACEL(N»/6. 0 
ACC  DISPCN>=OISPCN> ♦ OLTO(N.l) 

CALCULATION  OF  ACC  VEL  OISP  FOR  DEPENDENT  DYNAMIC  DOF 


00  5 7 C I = 1*NDETL 
DOlTOII,1I=O.C 
00  569  N=1.NDETL 

5o9  OOLTOa,ll=OOLTD(I,l»-3a8Cl.N»»RO«N» 

00  573  J*1,NINTL 

5 7C  OQLTO«I,l»*OOLTD<I.l*-CU,J>*DLTO(J,n 
00  575  N=1,N0ETL 

575  D0ISP«N»=00IS‘MNI  ♦ OJLTQ<N,i> 


FORMULATION  OF  D,RO,ROR 


00  750  K=1.NINTL 
00  752  L*1 » NINT  L 

752  R<K»=R<K>*SAA«K,L»*OLTDtL,l> 

00  753  L*1 »NOETL 

753  R«K»*R(tO  »SA8<K,U*QDLT0<L»1> 

750  CONTINUE 

00  758  K* 1 »NOE TL 
00  765  L=i,NINTL 

765  RD<K»  =ROCK>  *SBA ( K.L» *OLTO  IL , 1 ) 

00  769  L = l »NOETL 

768  RQCO  = R0<KI*se80«K,L)*0DLTOU,l» 
758  CONTINUE 

00  7 9 C * = 1,NINTL 
RORTKl =0.0 
00  785  L = 1 »NOE TL 
C(K,L>  = 3 .C 
00  785  J = 1 « NO ETL 

7 85  CCK,L»=C<K«LMSA8<K,J>*  JDP(J,L> 
00  780  K\=1.N0ETL 


non  oo  o o o o o o o 


ROR(*)«ROR(lO*C(K,KK>*RO(NtO 
78  fi  CONTINUE 


DYOIS 


OACEL  »QVELS',Cir'TlfP«DOLTA»QtiLTV»QOLTQ  REFER  TO  0£P£N3ENT  OVNANIC  OOP 
ACEL , VELS,OIS9,CU.TA»QLTV»DLTO  REF:  R TO  INOE°ENOSNT  DYNAMIC  OOF 

FORNJLATION  OF  3ISP. MATRIX  U IN) , 3U H ). WHERE  N*T3TAL  STATIC  OOF 

00  1*69  N*1  «NINTL 
Ml«NIN0F (N) 

U (MI ) «0ISP  IN) 

46Q  DU(NI)*0LT0(N,1) 

00  470  N=1,N0£TL 
MI*NDEOF IN) 

U (MI ) * 00 1 SP  C N ) 

470  DU(NI‘*OOlTO(N,l» 

RECORD  MAXIMA  AND  MINIMA  OF  NODAL  DISPLACEMENTS 


oo  aoo  n«i,nncoe 

Nl*3*N-2 

N2*3*N-1 

N3»3*N 

UU( 1) «U  INI I 

UUI2MUIN2) 

UUI3)*U(N3> 

00  630  NN* 1,3 
UMA«UHAX(N,NN> 

UMI=UMIN(N,NN) 

UUU»UU(NN> 

IFlUllll) 810,850,820 
61C  IFIUUU”UMI)83C *850,850 
830  UHININ,NN)«UUU 
Tr1INtN,NN)»TIME 
GO  TO  850 

820  IF(UJJ-UNAI85C, 855,825 
625  UMAX ( N, NN) *UUU 
THAX(N,NN)*TIHE 
650  CONTINUE 
8oo  continue 

I F| I»RQ-1)600, 610,610 
810  IF(IN3EXN-1»800. 612*612 

612  IFINCDUN-ICOUN) 614,613,613 

613  WRIT- (5, 9C0) TITLE 
900  FORMAT (iHl,20X,2QA4) 

NCOUN«0 

614  MRITE(5,62G)  TIME 
Nr0UN*NC0UN  ♦ l 

620  ORMAT 1 1H0 , SHTI ME* , El  2 . 4, 4H  SEC) 

HRIT£(5,615)0UNIT(NUNIT) .OUNITINUNITI 

615  FORMAT (1H  , 5X , 4HN00E , 8X , 7 HX-0 ISPL , 6X , 7HY-GISPL, 7X , 6HR0TATI0N, 
1 /,19X,A4,11X,A4«10X,5H(OEG)I, 

PRINT  NOOAL  DISPLACEMENTS 


00  630  N*1,NNC0E 


% / 


DYOIS 


I 

I 

I 


Nl»3*N-2 

N2»3*N-1 

N3*S*N 

R0T*&?.2957T951*UCN3J 

UC'1*U«N1> 

U0<*<lMN2) 

IF1NJNIT .EQ.21  GO  TO  630 
1)01*1000.0*001 
U02«.'000.0*U02 

630  WRITERS. 6-*0»N.U01.U02. ROT 
6UC  rORMAl  t#X.I2.3t3X.£l2.4»> 
6CC  RETURN 
ENO 


I 


* 


4 *v 

* *■ 


i 
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SUBROUTINE  EL£FD 

C CALCULATION  OF  ELEMENT  FORCES  AND  DEFORMATIONS 

OIMENS ION  UMAX  (30,3) ,UNIN<3C, 3) , TMAX  (30,3) ,TMIN<30,3) 

DIMENSION  R(6i  ),RD<60>  , R0R(6ul  , HOLD  <33  ,2) 

OIMENS ION  SAB <60,60 ) ,S A A (63,60) ,5030(60,60) 

DIMENSION  CMNP(3Q*2) »CMNV(30»2) . CMPP < 3Q , 2) ,CNPv t30 ,2) ,CLPH<30,2), 
1CLPV  <30,21  , CLNM (30,21 ,CLNV(30,2I 
OIMENS  ION  CMOMPUO  ,2)  , C MOMN 1 30  , ' I ,,CLOAO  <3G,,2)  , TMOMP) 3 0 ,2 ) , 

ITMONN ( 30  * 2) * T IMEL ( 30 , 2) 

DIMENSION  PV(3C)  ,Pi"VM30> 

DIMENSION  JAI3C) , J B ( 3 D I .NCEH6) ,U(  9C),0U<  90 ) , £LMU( 6 , 1> , ELMOU < 6, 1 
1> ,CN(30»,SN(3CI .1(6,61 , 5EL(3C,6  >6), 

2ELMT (6,6) ,T£LNO<6,l>,C<6,l> , ELMOF (6,1), ELMF (30,6) , YMY (30 ,2) , 
3IMYAT(30) ,IMYBT (30) « VL  ( 3l) ) , MP A ( 30 ) , MPB (3 0 ) , 

■♦I  MY  A 1 30)  , IMYB  ( 3 3 ) ,T8A(30)  , TBB  ( 3 0 ) 

DIMENSION  A(30» ,AI<30) ,NINDF(60* , NDE DF (60 » , I OF ( 90), 

IF  ARE A C 90) , MM AS (60) ,PPP ( 30 , 20) , TT T 1 3 C , 20  ) 

DIMENSION  ACE L(60),VELS(6l),SE)(60,60)«DTSP(60), 

1 OOI SP  ( 60  ) ,saa  (60  ,60)  , SPA  < 60  ,60  ).OLTD  (60  *.t),OOLTO(60,l) 

DIMENSION  FAT ( 90,  90),NSFDF<  90) 

DIMENSION  IL AS'i'A ( 30 ) ,ILASTB(3C) 

DIMENSION  TEB3 (30 ) , TE DA ( 3 0 ) , SUMP ( 30 ) , SUMA (30 ) , SJMB(3C ) 

DIMENSION  TITLE ( 20 ) 

DIMENSION  RMAX  (30,4)  ,RMIN(3C,<«)  ,TIM(3C,‘»)  ,TMM  (30,h) 

DIMENSION  PYMAX(3J,2) ,PYMIN(3C,2) 

DIMENSION  FUNI T (2,2) 

COMMON  NUNIT,PYMAX,PYMIN 

COMMON  ICOUN.NCOUN, TITLE 

COMMON  RMAX,RMIN,TIM,TMM,T£BA,TE8B 

COMMON  ILASTA,1LASTB,NELAS 

COMMON  UMAX, UMIN,TMAX, THIN 

COMMON  NSKIP, INDEXM 

COMMON  SAB.SAA.SBBO 

COMMON  R,RO,ROR,IIOLO 

COMMON  PY , IPRO , IPRMP 

COMMON  NOT,LL,NMEM,YMY,  CLD AD , CHOMP, CMOMN  , TMOMP, TMOMN , 

IT IMEL , CMNP.CHNW ,CMPP,CMPV, CLPM, CLPV, CLNM, CLNV 
COMMON  NNOOE,  JA, J3 , VL ,CN, SM, A , AI ,E , MP A, MPB ,NIN0F  ,NOEDF, 

INI NT L, NOE TL, I OF,  FARE  A , NMAS , I MYAT , I MY BT ,PPP ,TTT ,NHF , 

20T, ACEL.VELS, DAMP, SEQ,0 ISP, U,  DU, DOI SP  ,SB8 ,SB A , 

3DLT0, OOLTO,  SEL,  ELMF , I MV A, IMYB, T BA, TBB 

COMMON  YFACT,sCRY,FAT,NSFOF 

OATA  FUNIT/5HCKNS) ,5H(L3S) ,8H  (KN-N)  ,6H  (LB-IN)/ 

TIMc*LL*OT 

C COMPUTE  ELEMENT  FORCES  IN  LOCAL  COORDINATE 

DO  900  M=1,NHEM 
NA* JA ( M) 

N8=JB(N> 

NOEL (S ) *3*NA“2 
NOEL (2) *3*NA-1 
NOEL  < 3 ) = 3*NA 
NOEL  ( <» > =3*N8-2 
NOEL ( 3 ) *3*N8-1 
NOEL ( 6 ) =3*NB 
OO  10  K*1  * 6 


ELEFO 

N=NOELCK) 

ELMU ( K« 1 I =U (N ) 

IS  ELNOU(K,1)=OU(N) 

CNA*CNl:-!> 

, SNA=SNCH) 

C *»*»******»****»■»*•*******♦•*•*********•***•**»*****•*•*****•***• 

C C ACL  SUBROUTINE  TRANS  TO  COMPUTE  ELEMENT  END  LOADS  IN  ELEMENT 

C COORDINATE  SYSTEM 

CALL  TRANS ICNA,SNA«T) 

DO  23  K*1 , 6 

DO  20  KK=1,6 

20  ELMTtK,KK»=  SELCM.K.KK) 

00  550  1=1,0 
TELMD(I, 1)*0.0 
00  550  J=l,6 

550  TEL MO (1*11 =TELMDCI,1) ,T II , J) *ELMU ( J, 1 I 
00  560  1=1,6 
CCI,1)*0.C 
00  560  J = l,6 

660  C(I,l)*C(I,lt  *-T  ( I » J t * ELMDU IJ , 1 t 
00  570  1=1,6 
ELNDC  (1,11=0.0 
00  570  J=1 ,6 

57C  £L1DF(Itl)=£LM0FCI,15«-ELHTCI,  J)*OCJ,U  . 

C 

C CALL  SUBROUTINE  POEL  TO  COMPUTE  EQUIVALENT  SHEARS  FOR  THE  P-DELTA 

C ANO  BEAM  COLUMN  EFFECTS 

CALL  PDEL(TELMO,C,ELMF,ELMOF,VL,R  ,R0R,NINTL,N0ETC,n  NOF.NOEOF, 

1 T , M. NOEL , FAT  I 
TEMF1=ELMF(M,1I 
TEMF3=ELMF CM,  3 ) 

TEMF<,  = -ELNFCM,4I 
TEMF6  = ELMF  CM, 61 
00  30  K=l,6 

30  ELNFCM,K>=ELMFCM,K>*ELMDFCK,1» 

IF(NELAS) 31,31, 350 

31  YM=YMY (M,l) 

YP=PY CM) 

EM=ELMFIM,3I 
EP=ELMF  CM, II 

I OL 0=11 OLOIM.lt 
PCRsPCRY  CM) 

C.  ,.****»*#♦* *#*,**v*********** *******,*»•********» ***************** 

C CALL  SUBROUTINE  YIELO  TO  DETERMINE  WHETHER  ELEMENT  IS  IN  FI  MER 

C THE  ELASTIC  OR  PLASTIC  CONDITIONS 

CALL  YlELOCEM,EP,YM,¥P, IX ,TM, TP, I OLD , TEMF1 , TEMF3, PCR, SUM1 , SUNM) 

SUMPC  M) =SUN1 

SUMA  CM) =SUMM 

IIOLDCM,l)=IOLO 

ILASTACMI=IMYAT(M) 

IMYAT  CM) =IX 
EM=£LMF  CM, 6) 
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elefd 


YM=YMY<M,2> 

EP*-ELMF<N,4» 

CALu  YI£LO<£M,EP,YM,YP,IX,TM,TP,IOLO, TEMF4 , T E HF6 , PCR, SUH1 , SUMM) 
SUMBi Ml = SUHM 
I 101 D IM .21 = IOLD 
ILAST9(M)*IMYST  <MI 
INY  8T  < M ) =1 X 

***»!»**♦*»  *..».»*»*****.»*♦*»»*»*»»*»  »,*»*♦»**»*»*»*»•»*****»»*•* 

COMPUTE  ELASTIC  ANO/OR  PLASTIC  ELEMENT  END  ROTATIONS 


SKA=4.0*E*AI<M)/VL<M> 
SKB=SKA/2 • C 

OALPH= (C<5«1> -CS2,1)>/WL<M> 
T£M1=C<6,1)-0ALPH 
TEM2=C(3.1l-OALPH 
T£M1=TEM1*57. 29577951 
T£M2=T£M2*57.29577951 
IFCIMYA(M>-1)60.&5,65 
6(  IFCIMYO(M1“1>70*75»75 
7 L 08A  = u • C 

dub  =i'C 

IFtTBA(M>.N£.0.3)T8A<M)=C.O 
IFCTBBCNI ,N£,0.0)TBBIM 1=0.0 
45  TEBA(M»  *T£BACM) ♦ TEM2 
F 5 TE3B<M)  =T£B3CM)  *-TEMl 
GO  TO  10G 
75  DBA  =0.0 

IF(T3A (Ml .NE.C.Q  > TBA(MI =0  .9 
IFIMPAtM)-l)80,85,85 

85  OBB  =TEM1 
GO  TO  100 

80  IF(N3FOF(MI-lt8U85.81 
Ol  IF<TE3SIM) 184,83.84 

83  0B8=TEM2*SKB/SKA 
GO  TO  86 

84  OBB  =TfcMl«-TEM2*SKB/SKA 

86  IF(3(3. 1)182, 100, 62 
82  TEB A (Ml  = TEBA(M)*-TEM2 

GO  TO  100 

65  IFCIMYBCMI-1190,95,95 
95  OBB  =TEM1 
DBA  *TEM2 
GO  TC  100 

90  IF(M»2«MI-1)97,98,98 

98  OBB  =0.0 
OBA  =T£M2 
GO  TO  100 

9'  IF(NSFDF(M>-2) 99,98,99 

99  OBB  =fl.C 

Ii-'aTBB  <M)  ,NS.Q.  31  T88 ( Ml =C  .1 
IF( 7 £BA(M))1Q3, 102,103 

102  OBA=VEMl*SK3/SKA 
GO  TO  104 

103  08A  =T£M2*TEM1*SKB/SKA 

104  IF(C(6. 11)101, 100, 101 
111  TE8B(M)=TEBB(M) fTEMl 
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ElEFD 


ICC  T8ACM)*TBACM)  +0  8A 
T 88 ( N ) »T80 CM) *038 


RECORD  MAXIHA  AND  MINIMA  OF  ELEMENT  tNO  ROTATIONS 


399  IFCRMAXCM,1)-TE9ACM)  >230,210,210 
200  IFCRMAXCM,2>.GT.C.OGO  TO  210 
RMAXCM*1)=TE8ACM) 

TIMCM,1>=TIHE 

21 C IFCRMAXCN,2>-TBACM>  >220,230,230 
220  RMAXCN,2I=T8ACN> 

TIMCN,2)=TIM£ 

RMAXCM,1>=T£9ACM> 

T IM  CM* 1 > =T IME 

PYHAXCM,11=  ELMF CM,1 >/PYCM> 
230  IFCRMAXCM,3)”T£8BCM) >240,250,250 
240  IF(RMAX(M,4) .GT.C.OCGO  TO  250 
RHAXCM,3)=T£8BCM> 

TIMCM,3>  =TIM£ 

2 50  IFC RMAX CM, 4 J-T83 CM) >260,270,270 
260  RNAXCM»4)=TB8CM) 

TIM  OH,  *,)  =T IME 
RMAX(M*3'=TEB8CM) 

TIMCM,3>=TIME 

PYMAXCM,2>=  -ELMF IM,4>/PYCM> 

27  0 IF CRMIN CM, 1>-TE9A CM) >293,290,283 
280  IFCRMINCM,2>.LT.O.C>GO  TO  290 
RMINCM,1>=T£BA  CM) 

TMMIH, 11-TIME 

290  IFCRM INCH, 2)-T8ACM))310,Jl0, 503 
300  RMINCM,2I*T8ACM> 

Th1».M,2)=TlME 

RMINCM,1>=TEBACM> 

TMM ( M , 1 > =T IME 

PYMINCM,l)s  ELMF CM,l)/PYCM> 

31 C IFCRM INCH, 3>-TE8BCM>>333, 330, 321 
321  IFIRMIN1M,4I,LT • 0 . C > GO  TO  330 
RMINCM,3>=TEBBCM) 

TMM  C M, 3 > =T I ME 

330  IF C RMI N CM, h>-T88 CM >>353,350, 341 
341  RMINCM,**>=T9BCM> 

T MM  C M , 4 ) =T IME 
RUINCM,3>=TEBBCM> 

TMMCM,3>-TIHE 

PYMIN  CM*2) « -£LMFCM,4>/PYCM> 


REC3R0  MAXIMA  AMO  MINIMA  OF  ELEMENT  END  (LOADS 


3'.  0 IFCELMFCM,3>)4C3,<»05,*05 
40  ] IFCELMFCM,3>-OMOMNCM,1>  >410,415,415 
410  CMOMN  CM, 1) »ELMF  CM, 3 I 
TMOMM CM, 1> =TI ME 
CMNPCM,1)*ELMF  CM,1) 

CMNYCM,  1) *ELMF  C M ,2 > 

GO  T3  415 

40  5 IFCELMFCM,3>-CMOMPCM,l>  >415,415,425 


ElEFD 

> CH01P(1»1)*ELMF(M,3I 
CMPP(1,1>*£LNF(M,1> 

CHPtf  (1,1)=ELNF  (1,2) 

T101P  (1*1) »TIME 

5 IFlELMFd, 6)1430, 435, 433 
} IF(ELMF(M,6 ) -CMOMN (N*  21)450, 455,455 
I CM01N(1*2)  *EL1F  (1,6) 

CHNP(M,2)*ELMF(M,1) 

CHNtf (1*21 =ELHF (1,5) 

T101N(1,2)  = TI  M£ 

GO  TO  **55 

5 IF(£LMF(H,6)-Ct10MP(M,2)  >455,455,465 
5 C101P(N,2)*ELMF (1,6) 

C1PP(1,2)=ELHF (1,1  I 
C1PV(1,2)=£LHF(1,5) 

T104P(M,2>  =TI1E 

> IF(EL1F(M, 11)470, 475, 475 

1 IF(ELNF(H,l>-CLOAO(M,2)  ) **80 .903,900 
i CLOAO(M»2)=£LNF(M,1) 

CLNM1, i)=ELHF(1,3) 

CLNtMN,l)=£LHF (1,2) 

CLN1(1,2)=EL1F(4,6> 

CLNV(1»2)=  ELHF (1,5  > 

TI1EL(M,2)*TI1E 
GO  T 3 900 

j IF( ELMF (M, II -CLOAO(H, 1)1900,493, 490 
) CLOf.O(M.l)  =ELMF(M,l> 

CLP1(1,1I*EL1F (1,3) 

CLPM(9,2) =ELMF (1,6) 

CLPV(1,1I=ELMF(1,2) 

CLP|M1,2)=EL1F(1,5) 

THEL (1,1) *TI1E 
) CONTINUE 

IF( IPPMP-1 ) 630*610*610 

> IF(INQ£XW-1)6C0, 603*633 
J IF(IPRD-1)604,605,6Q4 

* IF  (N30UN-ICODNI607,6Q6«6C6 
i WRITE(5, 1001) TITLE 
L FOR1AT(IH1,2QX,20A4> 

NCOUN»0 

' NCOJN*NCOUN  ♦ 1 

5 WRITE (5,615) FI  NIT  (NUNIT  .1 1 , (FUNIT ( NUNIT , K> ,K= 1,2), (FUNIT (NUNJ T , K) , 

1 K*l«  2) 

i F0R1AT ( /5X»4H£LE1,9X»2HPA,8X,5HPA/Pj,  13X , 2HV A , 12X,21MA. 10 X , 

16M1A/M1A,10X,2HV9,l?X,2HMfl*1OX,6H1B/MK9,/,17X,A5;,23X,A5,6X,A8,21X, 

2 A5,8X,A8> 

**♦»••*<,********<,•»••*,*  **»***»*<MH>4***»**«****4*»**4*,  **»*•**#*•** 

PRINT  ELE1ENT  END  LOAOS  ANO  ROTATIONS 
OO  630  N*1 ,NMEN 

WRITE) 5,6401 N.ELMF (N, 1) ,SUMP(N) * (ELMF (N,M) , M= 2 , 3 ) , SUN A (N ) , 

1( EL 1F(N,1), 1®5,6I  ,SUM0(N) 

) F0R1AT(8X,I2,8(3X,E11.4)I 
) CONTINUE 

IF ( NELASI 1002,1302,600 

> .TE(5, 10001 


ELEFO 

. mO  FORMAT  ( /25X,  32HELENENT  F NO  ROTATIONS  IN  DEGREES, / ,24X  ,5MEN0  A, 

123X, 5MEND  8,/,  / , 6X , -HELEM, 6X , 7HELASTIC, 7 X, 7H 

2PLASTIC,7X,7HELASTIC.7X.7HPLASriC,8*,>~HP/PP» 

00  635  N*1,NMEM 

RAT  = ABS  <ELMF ( N, ll/PYINI > 

WRITE { 5 ,640 ) N « TE  3A  <N  > , TBA  < N>  , TE 3B < NS , TB3 ( Nl .RAT 

635  CONTINUE 
600  RETURN 
ENO 
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SUBROUTINE  PRINT 

0 IRENS  ION  UMAX  I 30. 3 1 ,UMIN(30,3)  ,TMAX  ( 30  • 3 > ,TMINI30,3I 
DIMENSION  R(6C» , RQ <60 1 , RDR (60  I , I IOLO 1 30 , 2 1 
DIMENSION  SAB  ( 60  , 60)  ,.SA A 1 60  <60 » * SBBO  (60  , 6C ) 

OIMENSION  CNNP(3Q,2I ,CMNV<3G,2) ,CMPt>C30 ,21 ,CHPV(30 ,2> .CLPMI30.2)  , 
1CLPV  (30.2)  ,CLNM (30  » 2 1 , CLNV  (3G , 2 1 • PV 1 30 1 , J A <30  I , JB I JG  I 
DIMENSION  CMOMP (30*21 , SMOMN ( 30 t 2 I . OLO AD (30 , 2 I ♦ TMOMP ( 30 , 2 » . 
1TMOMN(30,2) »TIM£L(3a»2l , THY (30, 2 J , JOINT (2  » 

DIMENSION  ILA5TA(30t  ,ILAST8(3Q) 

DIMENSION  TEBBI30) ,TE0AI3G) , OUT R (30, VI 
DIMENSION  TITLEI2GI 

OIMENSION  tf  L I 3 0 I , ON ( 3 3 1 , SN 1 3C I , A ( 3 3 I ,AI (30) 

OIMENSION  RMAX I3C.4)  , RKIN  ( 3C  , <♦)  , T IM ( 30 , *►>  , TMM  ( 30 , <») 

DIMENSION  FUNIT  1 2 , 2 I , XLUNIT 1 2 1 , I SENSE (3  I 
OIMENSION  PYMA X (30,21 ,PYMIN(30,2» 

COMMON  NUNIT,PYMAX,PYMIN 

COMMON  ICOUN.NCOUN, TITLE 

COMMON  RMAX,RMIN,TIH,TMM,TEBA,TEBB 

COMMON  ILASTA,ILAST3,NELAS 

COMMON  UMAX,UMIN,TMAX,TMIN 

COMMON  nskip.inoexw 

COMMON  SAB , S A A , S880 

common  r,ro,rdr,iiolo 
common  py, iprd, iprnp 

common  ndt,ll,nmem,ymy,  OLOAO, CMOMP.CMOMN, TMOMP, TMOMN, 

1TIM£L,CMNP,C.  NV,CW°P,CMPV,CLPH,CLPV,CLNM,CLNV,NNOQE, JA,JB 
COMMON  VL,CN,3N,A,AI,E 

DATA  FUNIT/5HCKNSI .5HIL8SI ,6H  IKN-MI  ,«H  (LB- INI / 

OATA  XLUNIT/hHIMMI  .LHIINI/ 

DATA  ISENSE/1HC,1HT,1H  / 

WRITEI5.17G0ITITLE 
17  u 0 FORMAT I 1H1 , 20 X , 20 A4/ I 

WRITE ( 5,20 G I (FUNIT(NUNIT,JI ,J*t,2l .FUNIT (NUNI T , 1 I , FUNIT (NUNI T , 2 » 

1 ,FUNIT(NUNIT,2I .FUNIT (NUNIT , II , FUNIT INUNIT , 1 1 
NCOJN*3 
ICOUN=57 


COMPUTE  DUCTILITY  RATIOS 


DO  500  M=1 ,NMEN 
DO  3 J»l,4 
1 DUTR I M, J 1 = 1. Q 
IF ( AI (Mill, 1,19 
1 AI (M) =1.0 
19  IF ( NEL ASI 6,6,9 
6 IFlRNAXIM,  II)  14,15, 14 

14  DUTRIM, 11  = 1.0  ♦ A0S(RM4X(M,2)/RMAX(M,1I) 

15  IF(RMIN(M,1I)16,5,16 

16  OUTR(M»2l  = 1.0  * A9S I RNIN(M,2I/RMIN(M,1II 
5 IF(RMAX IM, 31121, 22, 21 

21  DUTRIM, 31  = 1.0  ♦ABSIRMAX (M , 4 1 /RMAX (M, 3 1 1 

22  IFIRMINIM, 3)123,  9,23 

23  DUTRIM, <,1  = 1.0  «•  A8S(RMIN(M,4I7  RMINIM,  3)1 
9 JOINT  1 1 1 = JAIN  I 

JOINT (2)=JB(M) 


PRINT  TABULATION  OF  MAXIMA  AND  MINIMA  OF  ELEMENT  END  LOADS 
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c 


PRINT 


Of!  IS  K*l,2 

R T01=CM0MP(M,K)/YMY(N,<> 

RAr32*CNONN(M,KI/YMY(M,IO 

WRITE (5, 10  0) M, JOINT ( K ) .CL  040 (M, 1) , CLPM ( M, K> , CL PY (K ,K > ,TIMEL(N,1) , 

1 Y MY (M,K>, CHOMP (M,K ) ,CMPP(H,K) , CMP V(N,K) .TMOMP  (M.KI.RATOl 
1C  WRITE ( 5,110 )CLOAO(M, 2 ) »CLNM (N, <> ,CLNV(M,K) , TI MEL t M , 2 > , YMY C N, K ) , 
1CM0MN (M«  K) ,CMNP(M,K) ,CMNV(M,K) ,TM0MN(M,K) ,RAT02 
NC0JN=NC0UNf6 

IF(NCOUN-ICOUN)  500,499,499 

499  IF(H-NMEM)49S,50G,500 
<>98  WRITE  (5  ♦ 12 0) 

WRITE(5,17U0)TITL£ 

WRITE (5,20  0)  (FUNIT( NUNIT, J) , J= 1 , 2 ) , FUNI T ( NUNI T , 1 ) > FUNI T ( NUNIT , 2 ) 

1 , FUNIT (NUNIT, 2) , FUNIT ( NUNIT . 1 > , FUNIT (NUNIT, 1) 

NC0l)N*6 

50 0 CONTINUE 

200  F0RMAT(35X»51HTABJLATI0N  OF  MAXIMUM  AND  MINIMUM  ELEMENT  EN0  LOADS, 
1 //,  1X,4HELEM,1X,4HN0DE,3X,4HNAX?,7X,?HASS0C.M,5X,7HASS3C.V,6X, 
1*>HTIME,10X,2HMM,  8X,5HMAX  M , 6 X , 7H  A SSOC  . P , 5 X , 7H  ASSOC  . !/ , 5X,  ♦ H ' I ME,  5X , 
27HMAXM/MM,  /, 1 3X , A5 ,6 X , A 8 , 5 X , A5 , 6X, 5 h (SEC ) , 6X, A<  , 3 X, AS , 

35X,«5*7X,AS,5X,5H(SEC)) 

100  FORMAT  (1H0«1X,I2,IX,I2»1X,9E12.<>,F6.2,2X,F6.2I 
110  FORMAT(lH  ,7X,9E12.4,F6.2) 

WRITE (5,120) 

120  FORMAT ( 1H0 ,94HA  PLUS  SIGN  (♦)  FOR  MAXP  INDICATES  COMPRESSION  ANO  A 
1 MINUS  SIGN  (-)  FOR  MAXP  INOICATES  TENSION) 

3G<>  FORMAU  IX , 33MM AXI MUM  NODAL  DISPLACEMENT  TABLE  ) 

310  FORMAT UNO , 4HNOOE, 6X , 4HX ( * ) , 6X , 4HTIME , 6X, 4HX ( -> , 6X , vHTIME . &X  , 
loHT  t»>  ,6X,4HTIME,bX,4HY  (-)  ,6X  , *HT IME , 6X, 4MR( ♦ ) ,&X ,4HT IMt * 6X , 
24MR(«) ,6X,4HTIME,/,11X,A4,6X,5M(SEC) ,5X,A4,6X,5H(SEC) ,5X ,A4, 
36X,5H(SEC)  ,5X,A4,t>X,5H(SEC)  , 5X  , 5H  (D£G ) , 5X  , 5H  ( SEC ) ,5X,5M(OEG), 
45X,5H (SEC) ) 

IF(NELAS) 901,901,401 
9C1  WRITE(5,17C3)TITLE 
WRITE (5,1000) 

1000  F ORMAT ( 26X.29HMAXIMUM  ELEMENT  END  ROT AT  IONS ,31X , 2 9HM INIMUM  ELE 
1M2NT  END  ROTATIONS, //.21X,4HELAS,3X,4HTI ME, 6X,4HPLAS,3X,4HTIME,2X, 
1 5HP/PP’,3X, 15HOUCTILITY  RATIO, 6X» 

24HELA5,3X,4HTIME,oX,4HPLAS,3X,i>HTIME,2X,5HP/PP*,3X,15H0UCTILITY  RA 
3TIO/) 

NC0JN*6 

IC0JN=6Q 


PRINT  TABULATION  OF  MAXIMA  AND  MINIMA  OF  ELEMENT  END  ROTATIONS 

»•*»*»»•»#  •**»***, *•******••*, *<,******4***#0*****,*****<M,**»***V,» 

00  ,30  IU.NMEM 
IS=ISENSE(1) 

1 SI  = I SENSE ( 1 ) 

IF(»YMAX(I,1) .LT.3.G) IS=ISENSE(2I 
IF(PYMAX(I,1) .EQ.3.C) IS=ISENS£( J) 
IF(PYMIN(I,1).LT,«.5)IS1=ISENSE(2) 

IF(PYMIN(I,2) .EQ.0,0) I S l = I SENSE ( 3 ) 

PYMX*,'9S(PYMAX  (I  ,1)  ) 

PVMN*A3S(PYNIN(I»1)  ) 

WRITE (5,15  0 0)  I,  JA(I ),  (RMAX (I,J) ,TIM(I,J) ,J*1,2) , P YMX , I S, OUTR ( I , 1)  , 
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PRINT 

1 <RMIN(I*JI,TMN(I»J) « J*1 ,2 1 ,PY MN , I SI , OUTR (1 , 2 1 
IS*lSENSE(lt 
ISl=ISENSE(ll 

IF(PTMAX<I,2I,.LT.0.JI  IS*IS£NSS<2I 
IF(PYNAXU,2) .EQ.O .0  > IS*ISENS£(3I 
IF<PYMIN<I<2I .LT.C ,a>ISl=IS£NSE<2l 
IF<PYMIN<1< 2 1 .EQ.Q.OI IS 1= I SENS £< 3 1 
PrMX=ABS<PYMAX<I,2H 
PYMN<ABS<PYMIN<I<2II 

WRITE  <5<1600IJ3<  I) , <RNAX < I , J) , T I H < I , J) , J<3 ,41 , PYMX<IS<DUTR<I< 3) . 

1 <RMIM<I<JI<TMM<I<JI ,J=3,4I <PT NN<IS1 <OUTR<I , 4) 

NCOUN«NCOUN<5 

IF(NCOUN“ICOUNI400,398,398 

398  NCOUN-6 

I F( I -NMEMI  399  <40  0 <400 

399  HRI TE < 5 < 16 00 1 

WRI T E < 5 < 17 00 ) TITLE 

1800  FORMAT <1X,46H*N0TE  - THE  LETTER  0 INDICATES  COMPRESSION  ANO</< 

1 9X  <3QHTHE  LETTER  T INOICATES  TENSION* 

WRITE (5  <10  00  > 

4C0  CONTINUE 

WRITE  (5,18001 

SOD  FORMA  1 <1X, 4HELEM<I2<1X< XHNOOE<I3<2< 3X<F7<4<2X<F 5. 3) <2X<F$.3< 

1 A1<BX<F7<3<XX< 

2 2<3X,F7.4,2X,F5.3»,2X,F5.3,A1,5X,F7.3» 

1600  F ORMAT  < 8X , 4HN00E . 1 3, 2 < 3X , F7. 4, 2X,F5 . 3» ,2X,F5  .3 , 

1 A1<6X<F7<3<4X< 

2 2<3X,F7.4,2X,F5.3»,2X,F5.3,At,6X,F7.3///> 

401  WRITE<5,1700)TITLE 

WRITE  <5  <30 Ct 

WRITE<5<310IXLUNIT<NUNITI <XLUNIT<NUNITI<XLUNIT<NUNITI  < XLUNIT  <NUNIT 
II 

NC0UN=5 

IC0UN-6C 

c 

K PRINT  TABULATION  OF  MAXIMA  ANO  MINIMA  OF  NODAL  DISPLACEMENTS 

C M<M<<<<<<<<M<<MMM<<<MM<<<<M<MMM<MMM<M<M<<MMM<< 

DO  350  N*1 «NNOOE 
IF<NUNIT.EQ,2IGO  TO  347 
00  346  K*1 <2 

UMAX  (N<KI*  1000  a 9*UH4X(N<M 

346  UNIN<N,KI=10QG«3*UMIN(N,K> 

347  UMAX<N,3)«57.2957795l*UMAXtN,3l 
UHIN<N,3)=57.2957?951*UMIN<N,3I 

WRITE  (5 a 3201  N<  (UMAX  (N  ,K  I < TM AX  (M , X * <UMIN  (N, Kl  , THIN  (N,  K » ,K*  1,  31 
NCOUN*NCOUN<2 

I F ( NC DUN* I COUNI  350,348,3x8 

348  IF(N-NNOOE)  349, 35(i<350 

349  NC0US*5 
WRIT£(5<17C0)TITLE 
WRITE (5<3C0I 

WRITE(5,3101XLUNIT(NUNITI ,XLUNIT(NUNIT* , XLUNIT (NUNIT I , XLUNIT (NUNIT 
II 

350  CONTINUE 

320  FORMAT ( 1HC  <I4<12<1X< F9,5II 
RETURN 


c 

c 

c 


SU8R0JTINE  TRANS  (CNA  «SNA  < T ) 

ROT  AT  IQ  UAL  TRANSFORMATION  MATRIX  T 


DIMENSION  T(6,6I 
00  7 5 K*l,t> 

00  75  U*l«f 
75  T (K*  L I «J  • C 
T (1* 1 1 *CNA 
T<2,2I'CNA 
T '*  . *CNA 
T 15  » 5 1 »CNA 
TI1,2»«SNA 
T C 2 * 1 ) «“SNA 
H%,5»«SNA 
T«S»4l=-SNA 
T13,3iH,5 
TCb,b»=1.0 
RETURN 
ENO 


I; 

( 

1 


l 

l 
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SUBROUTINE  MXNV(A,N,0,L.Ht 


COMPUTE  INVERSE  OF  A MATRIX 


DIMENSION  A(lt,L<l>,Htii 

SEARCH  FOR  LARGEST  ELEMENT 
0*1,0 
NK»*N 

00  AO  X«1,N 

MK*NK»M 

LiKMK 

N(Kk<K 

KK*NK*K 

BIGA*AIKK) 

DO  20  J*K»N 
I2«N*U-1> 

00  20  I*K,N 
IJ*IZ»I 

IFI  ABS (8IGAI - ABS (A (I J ) I ) 15,20.20 
8XGA«A(Xj» 

L (K) *1 
MM)*J 
CONTINUE 

INTERCHANGE  RONS 
KIKI 

IFIJ-K)  35,35,25 

KI*K-N 

00  30  1*1, N 

K1*KI»N 

HOLO*>A(KII 

JI*XI-K*J 

AtKII*AtJII 

Ann  *holo 

INTERCHANGE  COLUMNS 
l*M(K) 

IFII-K)  1,5,1,5.38 
JP«N*tI-ll 
00  1,0  J*1 , N 
JK*NK,J 

ji*jpaj 

HOLO*-A<UK) 

AIJXUAUII 
A IJII  *HOLO 

OIVIOE  COLUMN  BY  MINUS  PIVOT  IVALUE  OF  PIVOT  ELEMENT  IS 
CONTAINED  IN  BIGA) 

IFCA9S(BIGA)-l.E-20>4b«46»48 
0*0.0 
RETURN 
00  55  1*1, N 
IF(I*K>  50,55,50 
IK*NK»I 

A(IK)*A(IK)<M-OIGAI 

CONTINUE 

REDUCE  MATRIX 
00  55  1*1, N 
IK«NK»I 
HOLO*A(IK) 


MINV  2 
MIN  V 3 

MINV  A 
MINV  5 
MINV  b 
MINV  7 
MINV  8 
MINV  9 
MINV  10 
MINV  11 
MINV  12 
NXNV  13 
MINV  1 A 
MINV  15 
MINV  lb 
MINV  17 
MINV  It 
MINV  19 
MINV  20 
MINV  21 
MINV  22 
MINV  23 
MINV  24 
MINV  25 
MINV  2b 
MINV  27 
MINV  28 
MINV  S9 
MINV  30 
MINV  31 
MINV  32 
MINV  33 
MINV  3 A 
MINV  35 
MINV  3b 
MINV  37 
MINV  38 
MINV  39 
MINV  AO 
MINV  41 
MINV  42 
MINV  NOS 
MINV  4 A 
MINV  45 
MINV  Ab 
MINV  47 
MINV  AS 
MINV  49 
MINV  50 
MINV  5J. 
MINV  52 
MINV  53 
MINV  MO  1 


IJ*I»N 

NINV 

S* 

00  IS  J*1,N 

NXNV 

ss 

IJ*IJ*N 

NINV 

SI 

IFII-KI  ItilMI 

NINV 

57 

M 

IFIJ*KI  ItilMt 

NINV 

SI 

It 

KJ*IJ-I»X 

A<IJ>*HOlO*AUjt»AtUt 

NINV 

59 

IS 

CONTINUE 

NINV 

11 

DIVIDE  RON  BY  PIVOT 

NINV 

It 

VJ«K-N 

NINV 

13 

00  7S  J*1.N 

NINV 

II 

NINV 

IS 

IFIJ-KI  70,75,73 

NINV 

II 

71 

AIKJ)  *A(KJ)/BI6A 

NINV 

17 

75 

CONTINUE 

NINV 

II 

PRODUCT  OP  PIVOTS 

NINV 

19 

0*0*0161 

NINV 

70 

RE PC ICE  PIVOT  BY  RECIPROCIL 

NINV 

71 

MKKM1.0/BIGA 

NINV 

7t 

at 

CONTINUE 

NTNV 

73 

FINAL  ROM  AND  COLUMN  INTERCHANGE 

NINV 

71 

K*N 

NINV 

rs 

101 

K*l<-1» 

NINV 

71 

IP(K)  150,150, 10S 

NINV 

77 

1.0 

I*L(K» 

NINV 

70 

IFCI-K)  120,110,101 

NINV 

*9 

10S 

JQ*N*  IK-11 

NINV 

>3 

JR*N*CI“H 

NINV 

01 

00  110  J*1,N 

NINV 

Ot 

JK»JQ»J 

NINV 

03 

HOLD*  A UK) 

NINV 

OL 

JI*JR*J 

NINV 

OS 

AIJKI— MJII 

NINV 

06 

111 

AIJII  -MOLD 

NINV 

07 

ltt 

J*N(KI 

NINV 

00 

IFIJ-KI  100, 100, ItS 

NINV 

09 

129 

•CI-K-N 

NINV 

90 

DO  130  1*1, N 

NINV 

91 

KI*KI*N 

NINV 

9t 

HOLD* AOKX 1 

NINV 

93 

JI*KI-K*J 

NINV 

9L 

A IKIt  *-AUI) 

NINV 

95 

130 

AIJII  *HOLO 

NINV 

96 

GO  TO  100 

NINV 

97 

ISO 

return 

NINV 

90 

ENO 

NINV 

99 

A 


fr'rtpit&p+i 


i 

f 


c 

c 

c 

c 


c 


SUBROUTINE  YIELfM£N,£P, YH , YP , I X , TN, TP, I OLD ,XP , XI, PCR, SUMP .SUNNI 

MONITOR  ELEMENT  END  LOADS  TO  DETERMINE  WHETHER  ELEMENT  IS  IN 
EITHER  THE  ELASTIC  OR  PLASTIC  CONDITIONS 


IF<£P|75,75,50 

St  P*PCR 
XHY*YN 

XHY*ti,0“ABStEP>/PI*YN 
GO  TO  90 

75  P«YP 
XNY*YN 

90  IF<XNY.N£.OIGO  TO  95 
ABI=0.0 
GO  TC  96 

95  ABl*A3S<tMI/XNY 

96  A8’*ABS«EPI/P 
SUMP* ABE 
SUNHsABl 
SUN1 * AB1* A BE 
IFtIOLO-1)  100,20  0 , .:oo 

230  DN*EN-XH 
OP=EP-XP 
ABi*A3S(XMI 
ABPxABS(XP) 

IF(XH.Nt.C)GO  TO  225 

RM»0.3 

GO  TO  2 JO 

225  RMaXM»0M/(A8N*XNYI 
230  RP=XP*OP/lABP*PI 
SUN*RN*RP 

I F ( S JN ) 300,350 , 350 
350  IFCSJH1-1. 01300, 600, 600 
600  IX=1 
TN*EM 
TP*EP 
RETJRN 
300  IX  = 0 
TN*EM 
TP=EP 
RETURN 

1GQ  IFCSUN1-1.0I  303,400,403 
4 u 0 IOLO=l 
IXal 
TH=EN 
TP=£P 
RETURN 
END 
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SUBROUTINE  POELtTELM  ,C,ELNF,ELN3F,V!.,R0,R0«,NINTL,N0eTL,NIN0F, 
1 NQE9F,T,NMEN, NOEL, FAT) 


CONFUTE  EQUIVALENT  SHEARS  FOR  THE  P-OEI.TA  ANO  BEAH  COLUMN  EFFECTS 
•••»»• •**•**•**••***••«***»••**%******• ****** •*••*•**••*•* 
DIMENSION  TELH0<6,1),C<6,1) ,ELNF I 30.6) ♦ ELNOF (6 » 1» ,TELM(6 ,1) , 
t VL(SO) ,ROC6O),RORI60).NlNOF(6O> ,NOEOF (60 > , T (6,61 , TT (6,6) ,F (6) , 

2 NOEL (6) «FAT  ( 90,  90) 

DO  5 1*1,6 

5 T€LN0(I*1)*TELM(I«1)~C(I,1) 

DELV*  ELMF  (NNEN,1>*(C(2,1)~C(5,1))  A ELtiJF  l.\,  15*1  (TELMD(2,lt  A 
1 0(2,111  -(TELN0(5,1)  ♦ C(5,l))l 
OELV*-OELV/VL (NNEM) 

DO  10  1*1,6 
DO  10  J*l,6 
10  TTI J, 1 1 *T ( 1»J) 

DO  20  1*1,6 

20  F(II*(TTII,2)-TTII,S))*QELV 
00  75  1*1,6 
DO  50  J*1,NINTL 
IF(NOELd)  *NIN0F  (it  ISO, 25, SO 
25  RO(J)*ROIJ)aF(I) 

GO  TO  75 
50  CONTINUE 

DO  60  J*l,NOETl 
IF(N3EL(I)*NDE0F(J) 160,56,60 
56  DO  50  K«1,NINTL 
50  RDR(K)*ROR(K>  ♦ F AT  IK, J ) * F ( I ) 

■CO  TO  75 
60  CONTINUE 
75  CONTINUE 
) 1000  FORMAT (1QE12,5) 

RETURN 

ENO 


APPENDIX  E 


LIST  OF  SYMBOLS  USED  IN  TEXT 


O 

A Area  of  cross-section  (cm  ) 

p 

Ab  Cross-sectional  area  of  bracing  merger  (cm) 

A,,  A2  Tributary  areas  assigned  to  mass  points  on  blastward 
wall  (Fig  31),  roof  (Fig  32a)  and  leeward  wall 
(Fig  34  and  35)  (m2) 

a Maximum  dimension  of  tributary  area  measured 

parallel  to  direction  of  propagation  of  shock 
front  ( m ) 

b ^ Flange  width  (mm) 

b.  Tributary  width  for  horizontal  loading  on  exterior 

column  of  blastward  wall  (m) 

b Tributary  width  for  vertical  loading  on  roof  girder 

(m) 

C Coefficient  for  computing  natural  period  of  bending 

mode  of  vibration  of  beam  (Eq  (35)) 

C Ratio  of  exterior  column-to-girder  moment  capacities 

(Table  1 through  3) 

C LLimiting  slenderness  ratio  for  frame  member 

c (Eq  (4.1),  Ref  1) 

CD  Drag  coefficient  (Ref  3) 

Cra  Peak- reflected  pressure  coefficient  at  angle  of 

a incidence 

C,  Ratio  of  interior  column-to-girder  moment 

capacities  (Tables  1 through  3) 

C2  Frame  stiffness  factor  constant  (Table  8) 

[C]  Damping  matrix  of  system  (kN-sec/m) 
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Dynamic  Increase  factor 

Distance  from  the  blastward  surface  of  the  frame 
to  the  leading  edge  of  the  tributary  area  measured 
parallel  to  the  direction  of  the  blastwave  (m) 

Girder- to- column  stiffness  coefficient  (Table  8) 

Distribution  factor 

Dynamic  load  factor  for  preliminary  design 
Degree  of  freedom 

Horizontal  translation  of  nodal  point  (m) 

Vertical  translation  of  nodal  point  (m) 

Web  depth  (mm) 

Horizontal  distance  from  blastward  wall  to  leading 
edge  of  tributary  area  on  roof  (Fig  32b)  (m) 

Horizontal  distance  from  edge  of  tributary  width 
supported  by  frame  to  edge  of  tributary  area  on 
blastward  column  (Fig  31)  (m) 

Distance  from  blastward  wall  to  leading  edge  of 
tributary  area  on  roof  (Fig  32a)  (m) 

Young's  modulus  of  elasticity  (kPa) 

Maximum  'compressive  stress  permitted  in  the 
absence  of  bending  moment  (kPa) 

Dynamic  yield  stress  (kPa) 

Specified  minimum  static  yield  stress  (kPa) 

Matrix  of  applied  transient  loads  (kN) 

Equivalent  force  matrix  (Eq  (6),  Appendix  C)  (KN) 

Acceleration  due  to  gravity  (9.8  m/sec2) 


PPIS  ,,  --ra'WSfcW^fipn"  «-'.^ 


Ix,  Iy 


Story  height  (m) 

Height  of  wall  panel  (m) 

Vertical  distance  from  roof  to  upper  boundary  of 
tributary  area  on  leeward  wall  (Fig  33)  (m) 

Height  of  tributary  area  (Fig  33)  (m) 

Moment  of  inertia  (cm^) 

Moments  of  Inertia  about  the  x-  and  y-axes, 
respectively  (cm4) 

Unit  positive  normal  reflected  Impulse  (psi) 

Unit  positive  incl  ;t  impulse  (psi) 

Stiffness  factor  for  single-story,  multi-bay  rigid 
frame  subjected  to  uniform  horizontal  loads 
(Table  8)  (kN/m) 

Relative  rotational  stiffness  of  frame  member 
(Eq  (31)  kN/m) 

Load  factor  that  modifies  stiffness  factor,  K, 
for  single-story,  multi-bay  rigid  frame 

Stiffness  of  horizontal  bracing  system  of  a braced 
frame  (kN/m) 

Stiffness  matrix  of  system  (kN/m) 

Total  stiffness  of  element  (kN/m) 

Horizontal  distance  from  blastward  end  of  roof  to 
mass  point  on  roof  (Eg  (17)  and  (18))  (m) 

Vertical  distance  from  roof  to  mass  point  i on 
leeward  wall  (Eq  (19)  and  (20))  (m) 

horizontal  distance  from  blastward  wall  to  leading 
edge  of  tributary  area  on  roof  (Fig  32a)  (m) 

Length  of  tributary  area  (Fig  32a)  (m) 
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Slenderness  ratio  in  the  plane  of  bending 


Hr 

Mo  Bending  moments  at  ends  A and  B of  element  (kN-m) 

A 13  (Fig  63) 

Mr  Mass  of  roof  panel  (kg) 

M'o  One-half  the  mass  of  decking  within  roof  panel 

1 area  (W'i  + W'p)  x L plus  mass  of  girder 

\ • * 3 1 ~ / \*>»  / 

Mass  of  wall  panel  (kg) 

M'u  One-half  of  mass  of  siding  within  wall  panel  area 

(W'i  + W' 2)  x H plus  mass  of  column  (Fig  17)  (kg) 

Mfi  Concentrated  mass  at  end  of  a member  (kg) 

M.j  Summation  of  the  masses  at  all  intermediate  mass 

points  on  a member  (kg) 

M^  Moment  about  *ne  n-axis  that  can  be  resisted  in  the 

absence  of  axial  load  (kN-m) 

ML,.., $ Mmv  Moments  about  the  x-  and  y-axes  that  can  be 
v resisted  in  the  absence  of  axial  load  (kN-m) 

Mmx»  Mj-y  Reduced  bending  capacities  about  the  x-  and  y-axes 

v that  can  be  resisted  in  the  absence  of  axial  load 
(kN-m) 

Mp  Required  plastic  moment  capacity  (kN-m) 

M y M Design  plastic  bending  capacities  about  the  x-  and 
px  py  y-axes  (kN-m) 

M¥,  Mw  Peak-applied  moments  about  the  x-  and  y-axes 

x y (kN-m) 

(M^)r  Portion  of  roof  panel  mass  assigned  to  horizontal 

dynamic-degrees-of- freedom  at  ends  of  girder  (kg) 

(M£h)u  Portion  of  wall  panel  mass  assigned  to  horizontal 

li  dynamic-degrees-of  freedom  at  ends  of  column  (kg) 
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<*V>R 


Portion  of  roof  panel  mass  assigned  to  vertical 
dynamic-degrees-of- freedom  at  ends  of  girder  (kg) 


^mev)w 


Portion  of  wall  panel  mass  assigned  to  vertical 
dynamic-degrees-of-freedom  at  ends  of  column  (kg) 


Portion  of  roof  or  floor  panel  mass  assigned  to 
vertical-<tynamic-degrees-of- freedom  at  intermediate 
mass  points  on  girder  (kg) 


Portion  of  wall  panel  mass  assigned  to  horizontal 
dynamic-degrees-of- freedom  at  intermediate  mass 
point  on  column  (kg) 


Required  plastic  bending  capacity  about  n-axis 
(kN-m) 


Required  plastic  bending  capacities  about  x-  and 
y-axes  (kN-m) 


(ML  Unbalanced  moment  on  element  at  time  i due  to  P-a 

1 ' and  beam  column  effects  (Eg  (10),  Appendix  C)  (kN-m) 


[M]  Mass  matrix  of  system  (kg) 

[M*]  Equivalent  mass  matrix  (Eg  (6),  Appendix  C)  (kg) 


m Number  of  braced  bays  in  multi -bay  frame 


rn  Equivalent  mass  of  a frame  for  sideway  natural 

e period  (Eq  (36))  (kg) 

mg  Mass  of  one  girt  within  wall  panel  (kg) 

nip  Mass  of  one  purlin  within  roof  panel  (kg) 

NDT  Number  of  integration  time  increments  for  analysis 

specified  in  the  input 


Ndqfh  Number  of  horizontal  dynamic-degrees-of- freedom  at 
intermediate  mass  points  within  wall  panel  (Fig  17) 

Nqqfv  Number  of  vertical  dynamic- ’egrees -of- freedom  at 

intermediate  mass  points  within  roof  panel  (Fig  19) 
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Number  of  bays  In  a multi -bay  frame 

Number  of  diagonal  braces 

Number  of  girts  within  wall  panel  (Fig  17) 

Number  of  purlins  within  roof  panel  (Fig  19) 
Applied  axial  load  (kN) 

Axial  loads  at  ends  A and  B of  element  (Fig  63) 
(kN) 

Axial  load  at  yield  (kN) 

Ultimate  tensile  load  capacity  of  member  (kN) 

Peak  pressure  initially  acting  at  mass  point  (kPa) 

Peak  positive  normal  reflected  pressure  (kPa) 

Peak- reflected  pressure  at  angle  of  incidence  a,- 
(kPa) 

Incident  pressure  at  time  tc  (kPa) 

Peak  positive  incident  pressure  (kPa) 

Ultimate  compressive  load  capacity  of  member  (kN) 

Average  peak  pressure  acting  on  tributary  area 
(kPa) 

Matrix  of  applied  blast  loads  (Eg  (9),  Appendix  C) 

(kN) 

Infinitely  elastic  fraction  of  total  element 
stiffness 

Peak  reflected  blast  pressure  on  blastward  wall 
(kPa) 

Peak  pressure  on  roof  (kPa) 

Flasto-plastic  fraction  of  total  element  stiffness 
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qh  Peak  horizontal  load  on  frame  (kN/m) 

q0  Peak  dynamic  pressure  (kPa) 

qy  Peak  vertical  load  on  frame  (kN/m) 

R Slant  distance  from  explosive  charge  to  point  of 

interest  on  structure  (m) 

R^  Normal  distance  from  explosive  charge  to  point  of 

interest  on  structure  (m) 

R£  Rotation  capacity  of  beam  column 

Rn  Nodal  reduction  factor  for  bi -axial  bending 

Ra  DLF  reduction  factor  for  guartering  loads 

{ Rn- > _ , { Rd } T Resistance  of  system  at  time  t(Eq(3),  Appendix  C) 
1 (kN) 

r^  Radius  of  gyration  of  bracing  member  (m) 

rx,  ry  Radius  of  gyration  about  the  x-and  y-axes  (m) 

S/  Safety  factor 

Natural  period  of  vibration  (sec) 

Ta  Natural  period  of  vibration  of  the  primary 

extensional  mode  of  a frame  member  (sec) 

Tjj  Natural  period  of  a bending  mode  of  vibration  of  a 

beam  (sec) 

■ -oired  duration  of  response  (sec) 

T.  Sidesway  natural  period  of  vibration  of  a frame 

s (sec) 

t \ (sec) 

ta  Arrival  time  of  blast  wave  (sec) 

tc  Clearing  time  required  to  relieve  the  reflected 

pressure  (sec) 
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t , Fictitious  clearing  time  of  reflected  pressure 

c (sec) 

ty  Flange  thickness  (mm) 

tDI  Duration  of  pressure-time  history  (sec) 

td  Total  duration  of  blast  pressure  (sec) 

tpk  Time  at  which  pressure  (Ppk ^aVG  occurs  (sec) 

tR  Fictitious  duration  of  the  reflected  pressure  (sec) 

tQf  Positive  phase  pressure  duration  (sec) 

trt  Rise  time  (sec) 

tj.  Time  at  which  the  pressure  decays  to  zero  (sec) 

tw  Web  thickness  (mm) 

U Shock  front  velocity  (m/sec) 

UAVG  Average  shock  front  velocity  between  blastward  end 

of  frame  and  mass  point  (m/sec) 

u Nodal  point  displacement  (mm) 

u Nodal  point  velocity  (mm/sec) 

u Nodal  point  acceleration  (mrn/sec2) 

V Equivalent  shear  computed  for  second  order  effects 

(kN) 

V^,  Vg  Shears  at  ends  A and  B of  element  (Fig  63)  (kN) 

W Charge  weight  (kg) 

W£  Effective  charge  weight  (kg) 

Wy  Tributary  width  of  structure  supported  by  frame  (m) 

W, , W2  One-half  of  widths  of  framing  bays  adjacent  to 
frame  (m) 
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Wt  III 
1 * " 2 


w 

w 

wb 

wp 

W1 

w2 

w3 

yA*  yB 
Z 


ZX,  Zy 


a 

a 

a-i 


max 


Distances  between  frame  and  adjacent  girts  and/or 
purlins  (m) 

Load  per  unit  length  (kN/m) 

Width  of  tributary  area  on  blastward  wall  (Fig  31), 
roof  (Fig  32)  and  leeward  wall  (Fig  33)  (m) 

Equivalent  static  load  for  beam  mechanism  (kN/m) 

Equivalent  static  load  for  panel  mechanism  (kN/m) 

Horizontal  distance  from  end  of  building  to  nearest 
edge  of  tributary  strip  supported  by  frame(Fig  34 
and  35)  (m) 

Horizontal  distance  between  edge  of  strip  supported 
by  frame  and  tributary  area  (Fig  34  and  35)  (m) 

Width  of  tributary  area  (Fig  34  and  35)  (m) 

Displacements  at  ends  A and  B of  element  (mm) 

Scaled  distance  (m/kgl/3) 

Plastic  section  modulus  (cm3) 

Plastic  section  moduli  about  the  x-  and  y-axes  (m3) 

Plastic  section  modulus  about  n-axis  (m3) 

Ratio  of  horizontal -to- vertical  load  on  a frame 

Rigid  body  component  of  element  end  rotation  (deg) 

Angle  of  incidence  between  the  shock  front  and 
blestward  surface  (deg) 

Base  fixity  factor  for  single  story  frame  (Table  8) 

Plastic  rotation  component  of  element  end  rotation 
(deg) 

Maximum  plastic  member  or  element  end  rotation  (deg) 
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y Total  element  end  rotation  (deg) 

y Angle  betwec.*  bracing  member  and  horizontal  plane 

(deg) 

a Differential  displacement  between  ends  of  element 

(mm) 

At  Integration  time  increment  (sec) 

<5  Frame  sideway  deflection  (mm) 

e Support  or  member  end  rotation  angle  or  chordal 

angle  (deg) 

e Nodal  point  rotation  (deg) 

Q(nax  Maximum  permitted  support  or  member  end  rotation 

or  chordal  angle  (deg) 

u Ductility  ratio 

Maximum  permitted  ductility  ratio 
Ultimate  ductility  ratio  at  failure 

<|>  Elastic  component  of  element  end  rotation  (deg) 

•t’ma*  Maximum  elastic  member  or  element  end  rotation 

(deg) 
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LIST  OF  SYMBOLS  USED  IN  INPUT  TO  DYNFA 


A 

Cross  sectional  area  of  element  , r£) 

ADIR 

Direction  of  element  uniform  loads  specified  in 
terms  of  the  axis  of  global  system  in  the  direction 
of  the  loads 

AFX 

Tributary  area  associated  with  dynamic-degree-of- 
freedom  In  X-cll section  (nr) 

AFY 

Tributary  area  associated  with  dynamlc-degree-of- 
freedom  In  Y-dl recti  on  (m2) 

DAMP 

Percentage  of  damping  expressed  as  a decimal 

DT 

Integration  time  Interval  (sec) 

E 

Modulus  of  elasticity  (kPa) 

ELEM  NO 

Element  Identification  number 

END 

End  of  data  Indicator 

FX 

Static  load  in  X-di recti  on  (kg) 

FY 

Static  load  In  Y-di recti on  (kg) 

I 

Moment  of  Inertia  of  element  (cm4) 

IMPV 

Input  parameter  for  requesting  printing  of 
element  end  loads 

INDXX 

Identification  number  of  pressure  waveform 
associated  with  load  in  X-dlrection 

INDYY 

Identification  number  of  pressure  wafeform 
associated  with  load  in  Y-direction 

IPP 

Input  parameter  for  requesting  printing  of  nodal 
point  displacement-time  histories 

JA 

Nodal  point  at  end  A of  element 

JB 

Nodal  point  at  end  B of  element 
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"mB 

MX 

MY 

MZ 

NDEAD 

NDT 

NELA3 

NELM 

NINODE 

NNODE 

NNOF 

NNOR 

NNOW 

NODE  NO 

NPOINT 

NSKIP 

NU 

NWF 


Ultimate  bending  capacity  at  end  A of  element 
(kN-m) 

Ultimate  bt  ing  capacity  at  end  B of  element 
(kN-m) 

Nodal  mass  assigned  to  dynamic  degree-of- freedom 
In  X-dlrectlon  (kg) 

Nodal  mass  assigned  to  dynamic  degree-of- freedom 
In  Y-dlrection  (kg) 

Static  moment  around  Z-axIs  (kg-m) 

Input  parameter  for  omitting  static  analysis 

Number  of  integration  time  increments 

Input  parameter  for  omitting  Inelastic  behavior 
from  analysis 

Number  of  elements 

Number  of  nodal  points  with  static  loads 
Number  of  nodal  points 

Number  of  nodal  points  subjected  to  blast  loads 

Number  of  nodal  points  with  restraints 

Number  of  nodal  points  with  assigned  masses 
(number  of  mass  points) 

Nodal  point  number 

Number  of  points  In  pressure  waveform 

Number  of  Integration  time  increments  to  be 
skipped  between  printout  of  structure's  response 

Input  parameter  for  specifying  U.S.  System  of 
Units  for  Input  and  output  of  program 

Number  of  pressure  waveforms 
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P^  Pin  code  for  end  A of  element 

Pg  Pin  code/ for  end  B of  element 

P.j  Pressure  of  point  i of  pressure  waveform  (kPa) 

P0  Ultimate  dynamic  load  capacity  in  axial  tension 

P (Ml) 

P„  Ultimate  dynamic  load  capacity  in  axial  compression 

(MO 

rx  X-direction  nodal  restraint 

ry  Y-di recti  on  nodal  restraint 

r6  Rotational  nodal  restraint 

T.j  Time  of  point  i of  pressure  waveform  (sec) 

WF  NO  Pressure  waveform  identification  number 

WUNIF  Uniform  static  load  acting  on  element  (kg/m) 

X X-direction  nodal  coordinate  (m) 

Y Y-di recti  on  nodal  coordinate  (m) 

YFACT  Fraction  of  elastic  stiffness  utilized  after 

yielding 


APPENDIX  F 


INTERNATIONAL  SYSTEM  OF  UNITS 


F. 1 General 


This  appendix  deals  with  the  conversion  of  quantities  from 
the  U.  S.  System  of  measurement  to  the  International  System  of 
Units  which  is  officially  abbreviated  as  SI  in  all  languages.  It 
Includes  units  most  frequently  used  in  the  various  fields  of 
science  and  industry  and  conforms  to  the  Metric  Practice  Guide 
as  presented  in  the  American  Society  for  Testing  and  Materials 
Standard  E 380. 

F.2  SI  Units  and  Prefixes 


SI  consists  of  seven  base  units,  two  supplementary  units, 
a series  of  derived  units  consistent  with  the  base  and  supple- 
mentary units,  and  a series  of  approved  prefixes  for  the  forma- 
tion of  multiples  and  sub-multiples  of  various  units.  A 
summary  of  the  base  units,  supplementary  units,  derived  units 
and  prefixes  is  given  below: 

Base  Units 


Quantity 

Unit 

Symbol 

Length 

meter 

m 

Mass 

kilogram 

kg 

Time 

second 

s 

Electric  current 

ampere 

A 

Thermodynami c temperature 

kelvin 

K 

Amount  of  substance 

mole 

mol 

Luminous  intensity 

candela 

cd 

Supplementary  Units 

Quanti ty 

Unit 

Symbol 

Plane  angle 

radian 

rad 

Solid  angle 

steradian 

sr 
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Derived  Units 


Quantity 

Acceleration 

Activity  (radioactive 
source) 

Angular  acceleration 

Angular  velocity 

Area 

Density 

Electric  capacitance 
Electrical  conductance 
Electric  field  strength 
Electric  inductance 
Electric  potential 
difference 
Electric  resistance 
Electromotive  force 
Energy 
Entropy 
Force 
Frequency 
Illuminance 
Luminance 

Luminous  flux 
Magnetic  field  strength 
Magnetic  flux 
Magnetic  flux  density 
Magnetomotive  force 
Power 
Pressure 

Quantity  of  electricity 
Quantity  of  heat 
Radiant  intensity 
Specific  heat 

Stress 

Thermal  conductivity 
Velocity 

Viscosity,  dynamic 
Viscosity,  kinematic 

Voltage 


Unit 


Symbol  or  Formula 


meter  per  second 

squared  m/s2 

disintegration  (disintegration)^ 

per  second 
radian  per  second 
squared 


i cu 

radian  per  second 
square  meter 
kilogram  per  cubic 
meter 
farad 
siemens 

volt  per  meter 
henry 

volt 

ohm 

volt 

joule 

joule  per  kelvin 

newton 

hertz 

lux 

candela  per  square 
meter 
lumen 

ampere  per  meter 

weber 

tesla 

ampere 

watt 

pascal 

coulomb 

joule 

watt  per  steradian 
joule  per  kllogram- 
kel vin 
pascal 

watt  per  meter-kelvin 
meter  per  second 
pascal -second 
square  meter  per 
second 
volt 


rad/s2 

rad/s 

m2 

kg/m3 

F or  A.s/V 
S or  A/V 
V/m 

H or  V. s/A 

V or  W/A 
n or  V/A 

V or  W/A 
J or  N.m 

J/K 

N or  kg. m/s2 
Hz  or  (cycle)/s 
lx  or  lm/m2 

cd/m2 

lm  or  cd.sr 
A/m 

Wb  or  V.s 
T or  Wb/m2 
A 

W or  J/s 
Pa  or  N/m2 
C or  A.s 
J or  N,m 
W/s.r 

J/kg.K 
Pa  or  N/m2 
W/'m.  K 
m/s 
Pa.s 

m2/s 

V or  W/A 
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Derived  Units  (continued) 


Quantity 

Unit 

Symbol  or  Formula 

Volume 

cubic  meter 

m3 

Wavenumber 

reciprocal 

meter 

(wave)/m 

Work 

joule 

J or  N.m 

Prefixes 

Multiplication 

Pref 1 x 

Symbol 

1,000,000,000,000 

E 

10^2 

tera . 

T 

1,000,000,000 

S 

109 

glga 

G 

1,000,000 

m 

106 

mega 

M 

1,000 

B 

103 

kilo 

k 

100 

at 

102 

hecto* 

h 

10 

8 

101 

deka* 

da 

0.1 

8 

10-1 

decl* 

d 

0.01 

8 

10"2 

centl* 

c 

0.001 

= 

10“3 

mini 

m 

0.000,001 

s 

10-6 

micro 

V 

0.000,000,001 

s 

10"9 

nano 

n 

0.000,000,000,001 

B 

10"12 

pi  CO 

P 

0.000,000,000,000,001 

M 

10-15 

femto 

f 

0.000, 000 , 000 , 000 ,000,001 

B 

10-1® 

atto 

a 

*To  be  avoided  where  possible 


Selection  of  prefixes  representing  steps  of  1,000  is  recom- 
mended for  most  multiple  and  submultiple  prefixes.  An  exception 
Is  made  In  the  case  of  area  and  volume  used  alone.  When  ex- 
pressing a quantity  by  a numerical  value  and  a unit,  prefixes 
should  preferably  be  chosen  so  that  the  numerical  value  lies 
between  0.1  and  1,000,  except  where  certain  multiples  or  sub- 
multiples have  been  agreed  to  for  particular  use.  The  same  unit, 
multiple  or  submultiple  Is  used  for  tabular  values  even  though 
the  series  exceeds  the  preferred  range  0.1  to  1,000.  Double  pre- 
fixes should  not  be  used.  Prefixes  should  not  be  used  In  the 
denominator  of  compound  units,  except  for  the  kilogram  which  Is 
a base  unit  of  SI.  However,  prefixes  may  be  applied  to  numerator 
of  a combined  unit.  With  SI  units  of  higher  order  such  as  m2,  m3, 
etc.,  the  prefix  Is  also  raised  to  the  same  order;  e.g. , run3  Is 
10“ 9m3  and  not  10"3m3.  In  such  cases,  the  use  of  cm2,  cm3,  dm2, 
dm3  and  similar  nonpreferred  prefixes  Is  acceptable. 


* 
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F.3  Mass,  Force  and  Weight 


The  principal  departure  of  SI  from  the  gravimetric  form 
of  metric  engineering  units  Is  the  separate  and  distinct  units 
for  mass  and  force.  The  kilogram  Is  restricted  to  the  unit  of 
mass.  The  newton  Is  the  unit  of  force  and  should  be  used  In 
place  of  kilogram- force.  Likewise,  the  newton  Instead  of  kilo- 
gram-force should  be  used  In  combination  units  whiui  include 
force;  e.g.,  pressure  or  stress  (N/m2aPa)s  energy  (N.m=J),  and 
power  (N.m/s=W). 

Considerable  confusion  exists  in  the  use  of  the  terms 
mass  and  weight.  Mass  Is  a property  of  matter  to  which  it  owes 
Its  Inertia.  If  a body  or  particle  of  matter  at  rest  on  the 
earth's  surface  Is  released  from  the  forces  holding  It  at  rest, 
it  will  experience  the  acceleration  of  free  fall  (or  acceleration 
of  gravity,  g).  The  force  required  to  restrain  it  against  free 
fall  Is  commonly  called  weight.  This  force  Is  proportional  to 
the  mass  of  the  body  and  is  often  expressed  in  masS  units  (kg),  but 
as  It  Is  a force  it  should  be  expressed  In  force  units  (N). 

The  acceleration  of  free  fall  (g)  varies  In  time  and  space; 
weight  (which  Is  proportional  to  It)  does  too,  although  mass 
does  not.  Further  confusion  arises  in  the  measuring  of  weight 
because  of  the  buoyant  effect  of  the  medium  In  which  the  weigh- 
ing Is  performed.  In  common  parlance  the  term  weight  is  used 
where  the  technically  correct  word  is  mass  and,  therefore,  the 
use  of  the  term  weight  should  be  avoided  In  technical  practice. 

F.4  Conversion  and  Rounding  Rules 

Conversion  of  quantities  should  be  handled  with  careful 
regard  to  the  Implied  correspondence  between  the  accuracy  of 
the  data  and  the  given  number  of  digits.  In  all  conversions, 
the  number  of  significant  digits  retained  should  be  such  that 
accuracy  Is  neither  sacrificed  nor  exaggerated.  Proper  con- 
version procedure  Is  to  multiply  the  specific  quantity  by  the 
conversion  factor  exactly  as  given  and  then  round  to  the  appro- 
priate number  of  significant  digits. 

The  following  table  contains  conversion  factors  that  give 
exact  or  seven-figure  accuracy  whore  the  nature  of  the  dimen- 
sion makes  this  degree  of  accuracy  practical: 
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Selected  Conversion  Factors 


To  convert  from 

to 

Multiply  by 

atmosphere  (technical  = 

1 kfg/cm2) 

pascal  (Pa) 

9.806  650*xl04 

bar 

pascal  (Pa) 

1.000  000*xl05 

board  foot 

British  thermal  unit  (In- 

meter3(m3) 

2.359  737x10" 3 

ternational  Table) 

Btu  (International  Table)  - 

joule  (J) 

1.055  056x1 03 

in./s-ft2-°F  (k,  thermal 

watt/meter-kel  vin 

5.192  204x1 02 

conductivity) 

Btu  (International  Table) 

(W/m.K) 

/hour 

calorie  (International 

watt  (W) 

2.930  711x1 0_1 

Table) 

joule  (J) 

4.186  800* 

centipoise 

pascal-second 

(Pa. s) 

1.000  000*xl0“3 

centi stokes 

meter  2 /second 

(m2/s) 

1.000  000*xl0"6 

degree  (angle) 

radian  (rad) 

1.745  329x1 0"2 

degree  Fahrenheit 
fluid  ounce  (U.S.) 

degree  Celsius 
meter 3 (m3) 

t°c=(t°F-32]/l.l 
2.957  353x1 

foot 

meter „ (ml 

3.048  000*xl0"3 

foot2 

meter2  W) 

9.290  304*xl0"z 

foot3  (volume  and  section 

meter 3 (m3) 

2.831  685x1 0~2 

modulus) 

foot/second 

meter/second  (m/s) 

3.048  000*xl0"1 

foot-pound- force 

joule  (J) 

1.355  818 

foot-pound-force/second 

watt  (W) 

1.355  818 

foot/second2 

meter/second2  (m/s2) 

3.048  000*xl 0" 1 

gallon  (U.S. liquid) 

meter 3 (m3) 

3.785  412xl0"3 

horsepower  (electric) 

watt  (W) 

7.460  000*xl02 

inch 

meter  (ml 

2.540  000*xl0"2 

inch2 

inch3(volume  and  section 

meter2 (m2) 

6.451  600*xl0-4 

modulus) 

meter 3 (m3) 

1.638  706xl0'5 

inch  of  mercury  (60°F) 

pascal  (Pa) 

3.376  85xl03 

inch  of  water  (50°F) 

pascal  (Pa) 

2.488  4 xlO2 

kilogram- force  (kgf) 

newton  (N) 

9.806  650* 

ki 1 ogram- force/mi 1 1 imeter2 

pascal  (Pa) 

9.806  650*xl06 

kilogram- mass 

kilogram  (kg) 

1.000  000* 

kip  (1000  lbf) 

newton  (N) 

4.448  222xl03 

kip/inch2(ksi ) 

pascal  (Pa) 

6.894  757xl06 

lux 

1 umen/meter  2 ( 1 m/m2 ) 

1.000  000* 

minute  (angle) 

radian  (rad) 

2.908  882x1 0"4 

ounce-force  (avoirdupois) 

newton  (N) 

2.780  1 39x1 0“ 1 

♦Exact 
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Selected  Conversion  factors  (Continued) 


To  convert  from 

ounce-mass  (avoirdupois) 
ounce-mass/yard2 

ounce  (avoirdupois) 
(mass)/1nch3 
ounce  (U.S. fluid) 
pint  (U.S. liquid) 
pound-force  (lbf  avoirdu 
Pols) 

pound/force/inch2 (psl ) 
pound-mass  (lbm  avoirdu- 
pois) 

pound-mass- 1 nch  2 (moment 
of  Inertia) 

pound-mass/ Inch 3 

quart  (U.S. liquid) 

second  angle 

ton  (short,  2000  lbm) 

watt-hour 

yard 

yard2 

yard3 


♦Exact 


to 

kilogram  (kg) 
kilogram/meter2 
(kg/m2) 

kllogram/meter3 
(kg/m3) 
meter3  (m3) 
meter3  (m3) 

newton  (N) 
pascal  (Pa) 

kilogram  (kg) 

kilogram-meter2 

(kg-m2) 

kilogram/meter3 
(kg/m3) 
meter3  (m3) 
radian (rad) 
kilogram  (kg) 
joule  (J) 
meter  (m) 
meter2  (m2) 
meter3  (m3) 


Multiply  by 

2.834  952xl0-2 

3.390  575xl0-2 

1.7*9  994x1 03 
2.957  3* 3xl0-5 
4.731  76bxl0“4 

4.448  222 
6.894  757xl03 

4.535  924x1 0"1 


2.926  397x1 0‘4 

2.767  990x1 04 
9.463  529x1  O'4 
4.848  137x1  O'6 
9.071  847x1 02 
3.600  000*xl03 
9.144  000*xl0-1 
8.361  274x1 O"1 
7.645  549x1 0_1 
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DISTRIBUTION  LIST 


Copy 

Commander 

US  Army  Armament  Research  and 
Development  Command 
ATTN:  DRDAR-CG 

1 

DRDAR-LC.Vi  E 

2 

DRDAR-LCM -S 

3-26 

DRDAR-3F 

27 

DRDAR-TSS 

28-32 

Dover,  NJ  07801 

Chairman 

Dept  of  Defense  Explosive  Safety  Board 
Forrestal  Bldg,  GB-270 
Washington,  DC  20314 

33-34 

Administrator 

Defense  Documentation  Center 
ATTN:  Accessions  Division 

Cameron  Station 
Alexandria,  VA  22314 

35-46 

Commander 

Department  of  the  Army 

Office,  Chief  Research,  Development  6 Acquisition 
ATTN:  DAMA-CSM-P 

47 

Office,  Chief  of  Engineers 
ATTN:  DAEN-MCZ 
Washington,  DC  20314 

48 

Commander 

US  Army  Materiel  Development  6 
Readiness  Command 
ATTN:  DRCSF 

49 

DRCDE 

50 

DRCRP 

51 

DRCIS 

52 

5001  Eisenhower  Avenue 
Alexandria,  VA  22333 

Commander 

DARCOM  Installations  6 Services  Agency 
ATTN:  DRC.IS-R! 

Rock  Island,  IL  61201 

53 

54 


Director 

Industrial  Base  Engineering  Activity 
ATTN:  DRXIB-MT  S EN 

Rock  Island,  IL  61201 

Commander 

US  Army  Materiel  Development  6 
Readiness  Command 
ATTN:  DRCPM-PBM  55 

DRCPM-PBM-S  56 

DRCPM-PBM-L  57-58 

DRCPM-PBM -E  59-60 

Dover,  NJ  07801 

Commander 

US  Army  Armament  Materiel  Readiness  Command 
ATTN:  DRSAR-SF  61-63 

DRSAR-SC  64 

DRSAR-EN  65 

DRSAR-PPI  66 

DRSAR-PPI-C  67 

DRSAR-RD  68 

DRSAR-IS  69 

DRSAR-ASF  70 

Rock  Island,  IL  61201 

Commander 
Frankford  Arsenal 

ATTN:  SARFA-T  71 

Philadelphia,  PA  19137 

Director 

DARCOM  Field  Safety  Activity 

ATTN:  DRXOS-ES  72-73 

Charlestown,  IN  47111 

Commander 

US  Army  Engineer  Division 

ATTN:  HNDED  74 

PO  Box  1600  West  Station 
Huntsville,  AL  35809 

Commander 

Radford  Army  Ammunition  Plant  75 

Radford,  VA  24141 
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Commander 

Badger  Army  Ammunition  Plant  76 

Baraboo,  W1  53913 

Commander 

Indiana  Army  Ammunition  Plant  77 

Charlestown,  IN  47111 

Commander 

Holston  Army  Ammunition  Plant  78 

Kingsport,  TN  37660 

Commander 

Lone  Star  Army  Ammunition  Plant  79 

Texarkana,  TX  75501 

Commander 

Milan  Army  Ammunition  Plant  80 

Milan,  TN  38358 

Commander 

Iowa  Army  Ammunition  Plant  81 

Middletown,  IA  52638 

Commander 

Joliet  Army  Ammunition  Plant  82 

Joliet,  IL  60436 

Commander 

Longhorn  Army  Ammunition  Plant  83 

Marshall,  TX  75670 

Commander 

Louisiana  Army  Ammunition  Plant  84 

Shreveport,  LA  71130 

Commander 

Cornhusker  Army  Ammunition  Plant  85 

Grand  Island,  NB  68801 

Commander 

Ravenna  Army  Ammunition  Plant  86 

Ravenna,  OH  44266 

Commander 

Newport  Army  Ammunition  Plant  87 

Newport,  IN  47966 
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Commander 

Volunteer  Army  Ammunition  Plant 
Chattanooga,  TN  37401 

Commander 

Kansas  Army  Ammunition  Plant 
Parsons,  KS  67357 

District  Engineer 

US  Army  Engineering  District,  Mobile 
Corps  of  Engineers 
PO  Box  2288 
Mobile,  AL  36628 

District  Engineer 

US  Army  Engineering  District,  Ft.  Worth 
Corps  of  Engineers 
PO  Box  17300 
Ft.  Worth,  TX  76102 

District  Engineer 

US  Army  Engineering  District,  Omaha 

Corps  of  Engineers 

6014  US  PO  £ Courthouse 

215  N 17th  Street 

Omaha,  NB  78102 

District  Engineer 

US  Army  Engineering  District,  Baltimore 
Corps  of  Engineers 
PO  Box  1715 
Baltimore,  MD  21203 

District  Engineer 

US  Army  Engineering  District,  Norfolk 
Corps  of  Engineers 
803  Front  Street 
Norfolk,  VA  23510 

Division  Engineer 
US  Army  Engr  District,  Huntsville 
PO  Box  1600,  West  Station 
Huntsville,  AL  35807 

Commander 

Naval  Ordnance  Station 
Indianhead,  MD  20640 


Commander 

US  Army  Construction  Engr  Research  Laboratory  97 

Champaign,  IL  61820 

Commander 

Dugway  Proving  Ground  98 

Dugway,  UT  84022 

Commander 

Savanna  Army  Depot  99 

Savanna,  IL  61704 

Civil  Engineering  Laboratory 
Naval  Construction  Battalion  Center 

ATTN:  L51  100 

Port  Hueneme,  CA  93043 

Commander 

Naval  Facilities  Engineering  Command 

(Code  04,  J.  Tyrell)  101 

200  Stovall  Street 
Alexandria,  VA  22322 


Commander 
Southern  Division 

Naval  Facilities  Engineering  Command 

ATTN:  J.  Watts  102 

PO  Box  10068 
Charleston,  SC  29411 

Commander 
Western  Division 

Naval  Facilities  Engineering  Command 

ATTN:  W.  Moore  103 

San  Bruno,  CA  94066 

Officer  In  Charge  104 

Trident 

Washington,  DC  20362 

Officer  in  Charge  of  Construction 

Trident  105 

Bangor,  WA  98348 

Commander 
Atlantic  Division 

Naval  Facilities  Engineering  Command  106 

Norfolk,  VA  23511 


449 


107 


Commander 

Naval  Ammunition  Depot 

Naval  Ammunition  Production  Engineering  Center 
Crane,  IN  47522 


